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ABSTRACT 


Electronic  circuit  analysis  programs  and  simulation  programs  exist 
that  have  provided  a  quick  easy  method  of  determining  the  response  of 
electronic  circuits.  These  programs  have  now  been  restructured  as 
indicated  in  this  paper  to  provide  an  easy  means  of  performing  analysis, 
design,  and  sensitivity  studies  on  many  fluidic  circuits.  Specifically 
three  computer  programs  have  been  examined:  DSL/90,  SLIC,  and  NET-2. 

These  programs  can  be  applied  without  modification  to  simulate  the  most 
basic  fluidic  equivalent  circuit  models.  However,  new  computer  codes  or 
subroutines  have  been  written  and  incorporated  into  existing  programs  to 
handle  sophi s i t icated  fluidic  models.  For  many  components  in  the  ranges 
of  interest,  both  nonlinear  (amplitude  dependent)  and  frequency  dependent 
equivalent  circuit  models  have  been  developed.  Of  these  the  more  sophis¬ 
ticated  fluidic  models  were  designed  into  NET-2  because  of  its  basic 
versati 1 i ty. 

Several  programs  for  simple  fluidic  summing  and  distribution  junctions, 
lead  networks,  lag  networks,  lead-lag  networks  are  implemented  in  this 
paper  using  DSL/90.  SLIC,  and  NET-2.  For  fluidic  problems  SLIC  is  best 
suited  for  simple,  smai I -signal ,  linear  or  nonlinear,  dc  or  ac  problems. 
DSL/90  is  good  for  simple,  nonlinear  transient  analyses,  problems  that 
do  not  fit  into  any  existing  circuit  analysis  programs.  NET-2  seems  to 
be  the  best  program  for  complex  nonlinear  problems  within  the  framework 
of  circuit  analysis,  and  consequently  a  major  portion  of  this  paper  is 
a  catalog  of  non-linear  fluidic  NET-2  models  of  passive  components  and 
a  computerized  description  of  the  laminar  proportional  amplifier. 
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1.  INTRODUCTION 


The  computer  analysis  and  design  of  complex  electronic  circuits 
are  highly  developed  techniques.  Numerous  methods  have  been  developed 
using  both  analog  and  digital  computers;  and  digital  computer  software 
facilitating  the  development  and  solution  of  circuit  equations  is 
extensive  and  well  documented.  It  is  therefore  logical  to  apply  these 
techniques  to  fluidic  design  problems. 

To  set  a  perspective  for  applying  a  circuit  analysis  to  fluidic 
components,  a  brief  statement  of  the  analytical  background  is  presented. 

In  making  this  application,  the  procedure  has  been  to  describe 
passive  fluidic  components  analytically  by  employing  the  principles  of 
fluid  mechanics  to  specific  internal  flow  problems.  Rigorous  analyses 
of  these  problems  are  performed  by  writing  the  governing  equations  (con¬ 
tinuity  equations,  equations  of  motion,  energy  equations,  and  equations 
of  state).  Certain  assumptions  about  a  specific  fluid  problem  reduce 
its  complexity.  For  a  specific  set  of  simplifying  assumotions,  the 
governing  fluidic  equations  are  reduced  to  equations  that  are  analogous 
to  the  circuit  equations.  These  equations  can  then  be  stated  in  the 
form  of  equivalent  circuits,  which  are  the  basic  input  for  the  computer 
programs. 

Circuit  equations  may  be  solved  manually  or  automatically  with  an 
analog  or  digital  computer.  Setting  up  the  analog  computer  to  simulate 
the  circuit  equation  response  presents  several  difficulties:  (1)  large 
numbers  of  analog  components  are  needed  to  simulate  large  circuits, 

(2)  scaling  of  numerical  values  must  be  performed,  and  (3)  nonlinear 
circuit  components  sometimes  preclude  meaningful  simulation.  On  the 
other  hand,  current  digital  computer  methods  are  readily  avaMshlc  and 
easily  applied  to  solve  the  circuit  equations.  DSL/90  1  if  1)*  and 
CSHP  are  two  examples  of  available  digital  simulatirr,  languages. 

When  the  circuit  equations  are  linear,  a  digital  computer  solution 
is  simple  and  straightforward.  However,  fr:  circuits  with  nonlinear 
components,  the  user  must  correctly  establish  the  sequence  of  the  dif¬ 
ferential  and  algebraic  equations  to  be  solved. 

Although  much  of  this  work  rela'es  equally  well  to  hydraulics,  the 
discussions  in  thi'.  paper  are  restr.cted  to  low-velocity  pneumatics.  The 
governing  equations  are  simplified  by  assuming  that  the  dynamic-pressure 
drop  across  any  element  is  small  compared  with  the  static-pressure  drop, 
i.e.,  that  the  fluid  velocity  i*  small  compared  to  the  speed  of  sound. 

For  these  studies,  the  element  variables  are  q(t),  which  is  the 
volume  flow  through  an  element  and  &p(t),  which  is  the  total  pressure 
drop  across  an  element. 


^Literature  references  arc  listed  at  end  of  this  paper. 


7 


Static-pressure  drop,  which  is  more  readily  measurable  than  total- 
pressure,  Is,  however,  a  more  convenient  choice  for  the  across  variable. 

For  steady  Incompressible  flow  if  the  cross-sectional  area  of  a 
passage  at  two  consecutive  fluidic  nodes  is  constant,  then  particle 
velocity  is  unchanged  and  the  dynamic-pressure  drop  between  the  two 
nodes  is  zero  so  that  the  total  pressure  drop  is  equal  to  the  static- 
pressure  drop. 

For  such  changes  of  cross-sectional  area  as  in  converging  ducts, 
diverging  ducts  and  sudden  enlargements,  dynamic-pressure  drop  generally 
must  be  included  in  the  total-pressure  drop. 

However,  in  acoustics  and  hydraulics  for  passages  with  constant 
cross-sectional  area,  if  the  particle  velocity  is  small  compared  with 
the  acoustic  velocity,  total-pressure  drop  is  approximately  the  static- 
pressure  drop. 

Many  electronic  components  and  devices,  as  well  as  many  components 
and  devices  in  nonelectronic  technologies,  (mechanics,  pneunatics, 
hydraulics,  thermodynamics),  may  be  readily  described  in  terms  of  equiv¬ 
alent  circuits.  The  most  basic  circuit  descriptions  are  passive,  lumped, 
linear  and  one-dimensional.  Certain  modifications  may  be  made  for  some 
problems  to  extend  basic  methods  —  including  equivalent  circuits  --  to 
more  sophisticated  studies  of  active,  distributed,  nonlinear  and  multi¬ 
dimensional  configurations. 

Several  basic  fluidic  structures  are  modeled  as  equivalent  circuits 
in  section  3,  both  with  and  without  taking  Into  account  the  fact  that 
the  components  are  not  purely  resistive,  capacitive,  or  inductive.  Also, 
Section  3  discusses  specific  digital  circuit  analysis  programs  in  relation 
to  requirements  for  simulating  the  response  of  real  pneumatic  configurations 
based  on  equivalent  circuit  ncd%!*. . 

This  paper  cites  the  pertinent  basic  programming  manuals.  Hucli  of 
the  material  for  coding  fluidic  equivalent  circuits  into  a  digital  simu¬ 
lation  program,  DSl/90,  and  a  simple  circuit  analysis  program,  SLIC,  are 
given  in  their  respective  manuals.  In  section  4,  DSL/90  is  demonstrated 
for  fluidic  equivalent  circuit  problems.  A  handbook  of  new  and  modified 
subroutines  In  SLIC  is  given  in  section  5-  However,  neither  DSL/90  nor 
SLIC  can  be  modified  to  be  as  versatile  as  the  powerful  circuit  analysis 
program,  NET-2. 

Because  of  the  excellent  versatility  of  NET-2  in  performing  fluidic 
circuit  analysis  compared  with  SLIC,  the  major  part  of  this  paper, 
section  6,  is  a  fluidic  NET-2  handbook.  The  improved  fluidic  version 
of  NET-2  performs  simultaneous  solutions  on  equivalent  circuits  that 
include  newly  coded  nonlinear  resistances,  nonlinear  capacitors,  non¬ 
linear  inductors,  and  switches. 
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Limitations  relative  to  the  circuit  analysis  approach  and  to  digital 
computer  codes  are  discussed  in  section  7-  Conclusions  are  developed  in 
section  8. 


2.  FLUIDIC  STRUCTURES 

The  basic  fluidic  structures  may  be  divided  into:  (l)  energy  sources, 
(2)  energy  sinks  or  drains.  (3)  fluid  flow  passages,  (*»)  mechanical  confin¬ 
ing  structures  adjacent  to  the  flow  passages  and  (5)  fluid  distribution 
points  (junctions).  These  basic  fluidic  structures  are  modeled  as  equiv¬ 
alent  circuits  composed  of  simple  voltage  sources,  simple  current  sources, 
resistors,  capacitors  and  inductors.  For  nonideal  components,  amplitude 
and  frequency-dependent  elements  are  introduced  to  extend  modeling  capa¬ 
bility. 


2. 1  Fluid  Flow  Passages 


The  geometrical  configuration  through  which  the  fluid  passes  between 
sources  and  sinks  assumes  many  forms.  Fluid  flow  passages  of  interest 
ca i  be  viewed  as  totally  or  partially  surrounding  the  fluid.  A  geometrical 
configuration  such  as  a  tank,  in  which  walls  virtually  surround  the  fluid, 
is  described  as  an  "enclosed  volume".  If  part  of  the  physical  wall  is 
not  present,  as  in  the  case  of  a  cavity  on  one  side  of  the  jet  in  a  fluid 
amplifier,  the  configuration  is  described  as  an  "almost  enclosed  volume". 
Air  fluidic  passage  configurations  of  interest  in  this  paper  are  (l)  cap¬ 
illaries  and  (2)  enclosed  or  almost-enclosed  volumes.  In  each  of  these 
cases,  reasonable  assumptions  lead  to  relatively  simple  equations  that 
relate  (l)  differential  pressure  and  flow,  or  (2)  pressure  and  differential 
flow. 


2.1.1  Cap! 1 lary 

Each  segment  of  a  capillary  dissipates  energy.  Thus,  a  capillary  is 
a  resistor  for  a  time-invariant  (dc)  flow.  Schematically,  it  is 

R 

»■  wv- 


2.1.2  Enclosed  or  Almost-Enclosed  Volume 

In  pneumatics,  potential  energy  may  be  stored  by  compressing  a  gas 
in  a  volume.  Capacitance,  which  sets  a  value  for  the  potential  energy 
storage,  is  the  circuit  parameter  that  describes  this  structure. 


The  equivalent  circuit  representing  an  enclo  ed  volume 
itor  between  a  pressure  node  and  ambient  (ground).  Schemat 
shown  as 


is  a  capac- 
cally  it  is 
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2.2  Mechanical  Confining  Structures 

Ideally  the  confining  structures  should  in  no  way  influence  the 
performance  of  the  flow  dynamics  of  fluidic  components.  These  structures 
should  be  perfectly  rigid  and  must  be  either  perfect  thermal  conductors 
(for  lossy  devices)  or  perfect  adiabatic  walls  (for  lossless  devices). 
These  criteria  may  be  approximately  met  in  general.  However,  in  selected 
cases  rigidity  may  be  specified  at  various  finite  rather  than  infinite 
values.  Compliance  (a  mechanical  capacitance)  in  the  fluidic  case  is  a 
ratio  of  the  volume  added  by  deflection  of  the  confining  structure  to 
the  difference  between  the  internal  and  reference  pressures.  Bellows, 
diaphragms,  and  spring-loaded  pistons  are  examples  of  confining  structures 
and  are  used  as  point-to-point  capacitor* 


C 

•Hi— 


2.3  Distribution  Points 


A  node  is  a  readily  accepted  concept  in  low-frequency  electronics. 

No  geometrical  aspects  are  attributed  to  a  pure  node.  An  electronic 
node  is  described  in  terms  of  its  voltage  compared  to  a  reference 
vol tage. 

A  fluidic  node  is  a  junction,  typically  the  meeting  and  branching 
point  for  several  fluidic  components.  A  pure  node  in  fluidics  is 
analogous  to  the  electronic  node  so  long  as  geometry  need  not  be  included 
in  the  description.  Fluidic  junctions  are  classed  as  pure  nodes  so 
long  as  dynamic  pressure  potential  is  small  compared  with  static 
pressure  potential . 

A  fluidic  node  connecting  many  branches  may  be  physically  designed 
if  the  static  pressure  is  large  compared  with  the  dynamic  pressure.  A 
stilling  chamber  placed  at  the  junction  is  sometimes  included  to  convert 
dynamic  pressure  to  static  pressure. 

Proper  operation  of  pneumatic  fluidic  configurations  in  some  cases 
is  predicated  on  large  dynamic  pressures  at  certain  nodes.  In  such 
cases  pneumatic  fluidic  junctions  are  not  pure  nodes. 

2.1*  Impure  Structures  with  Parasitics 

Several  of  the  components  discussed  above  lo  not  have  physical 
properties  that  can  be  described  in  terms  of  pure  concepts  (only 
resistance,  only  capacitance,  or  only  inertance).  Instead  the  components 
are  described  as:  (1)  impure  resistance,  impure  capacitance  or  impure 
inertance,  each  a  function  of  either  dependent  or  independent  variables 
and  each  combining  some  other  property  with  the  primary  property  (e.g. 
irertance  combined  with  resistance).  Modified  equivalent  circuit  models 
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are  introduced  (1)  for  a  capillary,  (2)  for  a  mechanical  capacitor,  and 
(3)  for  a  distribution  point. 

2.4. 1  Cap!  I  lary 


Although  capillaries  are  approximately  resistive  at  low  frequencies, 
for  higher  frequencies  compressibility  and  inertia  of  the  fluid  introduce 
capacitance  and  inertance,  respectively.  As  a  first  correction,  the 
simple  resistive  capillary  may  be  considered  as  one  section  of  a  lumped 
approximation  of  a  fluid  transmission  line.  An  equivalent  circuit  is 

R  L 

■  -  r/vw 
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2.4.2  Impure  Mechanical  Capacitor 

The  mechanical  devices  included  in  this  set  of  fluidic  components 
are  more  complicated  than  purely  point-to-point  capacitors.  In  general, 
the  cross-sectional  area  of  the  circuit  must  Increase  to  the  area  of  the 
deflecting  devices  (bellows  or  diaphragm)  and  then  decrease.  Line  area 
increases  and  decreases  add  resistance,  while  the  larger  cross-sectional 
area  of  the  circuit  adds  volume  capacitance.  Thus  the  equivalent  circuit 
may  be  redrawn  more  accurately  as 


Ri 

-Wl 


Ci 

■ii 


c*¥ 


Ri 

-W»- 

Cs 


However,  It  is  possible  to  reduce  resistance  values  Rj  and  R2  by 
maintaining  constant  cross-sectional  area  and  to  reduce  capacitance 
values  C2  and  C3  by  adding  as  little  volume  as  possible. 

2.4.3  Impure  Node 

The  fluid  distribution  points  (junctions  or  nodes)  ideally  do  not 
produce  added  energy  losses  or  introduce  added  energy  storage.  However, 
as  a  stilling  chamber  at  higher  pressures  or  flows,  the  increased  volume 
at  the  node  introduces  an  added  grounded  fluid  capacitor.  The  equivalent 
circuit  of  a  node  may  then  be  a  node  and  a  shunt  capacitor  to  ground: 


3.  EQUIVALENT  CIRCUIT  ANALYSIS 


Although  the  equivalent  circuits  may  be  analyzed  using  conventional 
manual  techniques,  the  digital  computer  makes  the  analysis  much  easier 
and  quicker.  Thus,  steady-state  dc  analysis,  time-dependent  transient 
analysis,  and  small-signal  steady-state  ac  analysis  may  be  performed  on 
a  digital  computer  for  passive  and  active  circuits.  Sensitivity  analy¬ 
ses  and  design  optimizations  are  also  available  using  a  digital  computer 

A  typical  network  is  described  with  standard  equivalent  circuit 
nomenclature  (fig.  1).  ft  Is  a  resistor,  C  is  a  capacitor,  L  is  an 
inductor,  and  e  is  a  voltage  source.  Currents  iR,  1^,  and  i^.  flow  In 
R,  L,  and  C  respectively. 


O  © 

t  VWW-  f 


vww— 

- nnnnp - 

R  - «- 

L  - 

'l 

,  H 

C  i 

© 

— 

— 

Figure  1:  Schematic  illustrating  circuit  terminology 

Each  component  In  the  equivalent  circuit  constitutes  one  branch. 

For  example,  R  is  the  branch  between  points  (1)  and  (2)  and  C  is  the 
branch  between  points  (2)  and  (0).  The  point  in  the  circuit  at  which 
two  or  more  branches  connect  is  a  node.  There  are  three  nodes  in  fig¬ 
ure  1  -  (0),  (1),  and  (2). 

A  circuit  loop  follows  a  complete,  unbroken  path  starting  at  a 
node,  following  branches  through  one  or  more  other  nodes,  and  return¬ 
ing  to  the  original  node.  One  circuit  loop  starts  at  node  (1),  passes 
through  branch  R  to  node  (2),  passes  through  branch  C  to  node  (0),  and 
returns  to  node  (1)  through  branch  e.  Another  circuit  loop  passes  from 
(2)  through  branch  L  to  (0)  and  through  branch  C  back  to  (2). 

3. 1  Circuit  Equation  Hethod 

A  given  equivalent  circuit  can  be  mathematically  described  as  a  set 
of  algebraic  and  integral  equations  using  one  of  several  standard  tech¬ 
niques.  T-/o  standard  methods  of  forming  a  circuit  are  node/branch 
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analysis  and  node/loop  analysis.  Although  they  are  not  all-inclusive 
and  do  not  apply  to  all  circuits  (ref  2),  these  two  techniques  are 
briefly  described  for  completeness. 

3.1.1  Node/Branch  Analysis 

In  a  node/branch  analysis,  the  set  of  equations  includes  one 
equation  for  eve>-y  non-grounded  node  and  one  equation  for  each  branch. 

Each  fluidic  node  equation  Is  a  mathematical  relationship  that 
describes  the  physical  principle  of  mass  conservation  at  a  node.  For 
incompressible  flow,  the  fluidic  node  equation  describes  conservation 
of  volume  flow,  q(t),  at  that  node. 

Each  branch  equation  relates  the  across  variable  (voltage  or  pressure 
drop)  co  the  through  variable  (current  or  volume  flow)  for  each  circuit 
component.  For  example,  resistive,  capacitive,  and  inductive  branch 
relationships  for  figure  1  would  be 

for  a  resistor  e(t)  ■  Ri(t)  or  Ap(t)  ■  Rq(t) 

for  a  capacitor  e(t)  *  ^-/i(t)  dt  or  Ap(t)  *  ^  /q(t)  dt 
and  for  an  inductor  e(t)  ■  L  or  ap(t)  ■  L  — ^ 

where 


t  »  time, 

e(t)  ■  voltage  drop  across  branch, 
i(t)  -  current  through  branch, 

£p(t)  *  pressure  drop  across  branch, 
q ( t )  -  volume  flow  through  branch. 

The  components  R,  C,  and  L  in  the  above  equations  may  be  (l) 
constant  valued,  (2)  time-dependent,  or  (3)  nonlinear  functions  of 
pressure  drop  or  volume  flow. 


3.1.2  flode/Loop  Analysis 

Each  fluidic  loop  equation  is  a  mathematical  description  of  the 
physical  principle  of  conversation  of  energy  in  each  loop.  A  loop 
equation  for  a  fluidic  circuit  is  the  sum  of  potential  drops  (pressure 
drops,  Ap(t))  around  the  loop. 


In  loop  analysis  mathematically  independent  loops  are  selected. 
Two  fluidic  loop  equations  for  the  fluidic  equivalent  circuit  of 
figure  1  are 

0 


&p(t)  -  RqR(t) 


c/qc(t}  +  L 


1 


c  \{t) 


dqL(t) 

dt 


-  0 
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In  addition  for  node/loop  analysis  as  in  node/branch  analysis,  conser¬ 
vation  of  volume  flow  must  be  described  mathematically  by  fluidic  node 
equations.  For  the  fluidic  equivalent  of  figure  1 

qR(t)  -  qc(t)  -  qj_  (t)  -  0. 

Components  A,  C,  and  L  r.iay  take  on  the  same  forms  as  in  nede/branch 
analysis. 

3.2  Computer  Circuit  Analysis 

In  determining  the  input/output  response  of  a  fluidic  circuit  by 
computer  circuit  analysis,  the  formulation  and  the  solution  of  the 
circuit  equations  is  performed  by  a  numerical  algorithm  suitable  for  use 
on  a  digital  computer  algorithm;  the  user  merely  specified  the  component 
and  connection  functions  and  codes  them  as  input  into  the  digital  computer 
program.  For  large  or  complicated  circuits,  this  approach  is  convenient, 
fast  and  accurate.  Once  the  user  has  drawn  an  equivalent  circuit,  many 
digital  computer  programs  --  including  SLIC,  SCEPTRE,  and  NET-2  —  are 
available  for  the  analysis.  Circuit  components  and  their  connections  are 
coded  into  the  digital  computer.  The  computer  algorithm  then  determines 
the  circuit  response. 

3-3  Sensitivity  Analysis  and  Optimization 

Additional  features  of  some  circuit  analysis  programs  increase 
their  general  utility.  For  example,  sensitivity  analysis  is  available 
through  subroutines  in  SLIC,  and  optimization  Is  Included  in  NET-2. 

A  fluidic  sensitivity  analysis  computes  the  effect  that  an  infini¬ 
tesimal  change  of  a  fluidic  circuit  parameter  makes  on  the  input/output 
response.  Thus,  key  parameters  may  be  selected.  Optimization  automati¬ 
cally  adjusts  fluidic  circuit  parameters  to  extremize  input/output 
response  in  terms  of  required  specifications. 

Both  sensitivity  analysis  and  optimization  direct  the  solution  of 
sets  of  circuit  equations.  Solutions  of  these  equations  are  the  parameter 
sensitivities  and  the  optimum  response,  respectively. 

4.  COMPUTER-AIDED  CIRCUIT  ANALYSIS 


Although  circuit  analysis  may  be  readily  performed  with  conventional 
manual  techniques,  the  digital  computer  is  rapidly  supplementing  the 
engineers'  skills.  Once  the  equivalent  circuits  are  drawn,  circuit 
analysis  on  a  digital  computer  is  of  benefit  in  at  least  two  ways.  First, 
computer-aided  circuit  analysis  contains  organizational  schemes  through 
which  the  requisite  equations  are  developed  and  solved.  Second,  the 
simplicity  of  defining  the  program  makes  computer-aided  circuit  design 
a  valuable  labor  saving  tool.  Unlike  analog  simulation,  a  digital 
simulation  does  not  require  scaling  of  va-lues. 
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Th*r2  are  a  multitude  of  general  and  special-purpose  circuit 
analysis  programs  including  ECAP,  CIRCUS,  TRAC,  NET-1,  SCEPTRE,  ECAP- 1 1  , 
SUC,  SPICE  and  NET-2.  Each  of  these  programs  has  specific  attributes. 
Hiny  of  these  programs  were  written  and  are  being  written  to  solve  large 
electronic  circuits  that  are  subjected  tc  electromagnetic  and  nuclear 
radiation . 

Of  the  programs  available  to  the  author,  SUC  (ref  3),  SCEPTRE 
(ref  A),  and  NET-2  (ref  5)  were  considered  possible  choices  to  build 
on.  A  list  of  many  available,  required  capabilities  has  been  drawn 
up. 

For  completeness,  these  capabilities  are  tabulated  for  SUC,  SCEPTRE, 
and  NET-2  in  Table  I.  There  is  a  marked  variation  even  among  these  three 
programs.  SUC  lacks  transient  analysis  and  SCEPTRE  lacks  ac  analysis, 
while  NET-2  encompasses  both.  NET-2,  which  is  still  in  development  under 
HDL  supervision,  currently  has  the  most  versatility.  NET-2  is  much 
more  sophisi ticated  than  either  SUC  or  SCEPTRE.  Some  modifications  to 
SUC  and  SCEPTRE  may  be  introduced  in  FORTRAN  subrount ines.  Although 
the  basic  NET-2  program  is  complicated,  in-house  modifications  can  be 
introduced  within  the  user  package. 

Because  of  the  existing  in-house  capabilities,  many  additional 
features  that  are  possible  with  SUC  and  SCEPTRE  are  designated  as 
“can  be".  Since  many  of  the  more  significant  features  in  NET-2  will 
perform  at  a  later  date,  they  are  categorized  as  "not  at  present'.'. 

No  circuit  analysis  program  has  been  written  exclusively  for  fluidic 
components.  To  date,  no  single  circuit  analysis  program  has  all  the 
features  necessary  for  directly  implement ing  fluidic  equivalent  circuits. 

The  potential  ability  of  one  systems-s imulat ion  language  (DSL/90) 
and  two  circuit  analysis  programs  (SUC  and  NET-2)  for  meeting  the 
requirements  of  specific  fluidic  P'Oh’ems  |j  examined  In  this  paper. 
General  circuit  analysis  programs  can  be  applied  to  fluidic  circuits 
to  perform  linear  analyses  for  the  dc,  transient,  and  steady-state  ac 
cases.  However,  it  is  necessary  to  develop  fluidic  circuit  codes  for 
amplitude  dependent  and  frequency  dependent  components. 

Das>c  computer  programs  are  briefly  outlined,  existing  fluidic 
equivalent  circuit  models  are  incorporated  into  the  programs,  c i rcui  t 
methods  for  several  elementary  fluidic  configurations  are  demonstrated. 

Fluidic  versions  of  DSL/90,  SUC,  and  NET-2  are  discussed  in 
sections  5»  6,  7-  To  gain  a  comprehensive  view  of  fluidic  circuit 
analysis  developed  to  date  at  HDL,  this  paper  must  be  used  in  the 
light  of  the  more  general  programs.  Used  ir  conjunction  with  the 
various  general  programing  manuals  (refs  2,  3,  and  5),  this  serves 
as  a  reference  and  a  handbook  of  current  fluidic  circuit  analysis 
as  applied  to  both  elementary  and  sophisi t icated  fluidic  equivalent 
circuit  models.  No  attempt  is  made  to  explain  the  underlying  principles 
and  assumptions  upon  which  fluidic  configurations  are  analyzed  end 
equivalent  circuits  are  synthesized. 
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Reference  2  is  a  programming  manual  for  DSL/90.  Section  5  of 
this  paper  uses  reference  2  as  a  guide  in  the  development  of  the  form 
of  a  DSL/90  program.  No  additional  fluidic  models  are  introduced 
into  DSL/90  by  the  author.  Two  elementary  fluidic  configurations  are 
computed  as  examples  in  section  5. 

The  general  version  of  SLIC,  (ref  3)  is  directly  applicable  to 
linear,  passive  circuits.  However,  a  more  complete  fluidic  version 
of  SLIC  has  been  extended  at  HOL  to  include  nonlinear  resistors  and 
frequency  dependent  volumes.  One  simple  fluidic  configuration  is 
analyzed  using  SLIC  (sect.  6).. 

Simple  fluidic  circuit  analysis  Is  readily  handled  by  a  fluidic 
SLIC.  However,  a  more  sophlsit icated  computational  structure  is  required 
to  analyze  more  complex  configurations.  Specifically,  a  general  version 
of  NET-2  will  solve  both  active  and  passive  linear  fluidic  circuits. 
Nonlinear  fluidic  functions  have  been  included  in  the  general  version  of 
NET-2  (sect.  7)*  for  circuits  described  In  terms  of  nonlinear  fluidic 
functions,  it  was  nc  at  first  possible  to  select  digital  computer  models 
that  could  be  transformed  within  the  computer  algorithm  to  a  set  of 
equations  solved  simultaneously  at  each  solution  point. 

However,  by  selecting  the  proper  structures  for  user-developed 
models  (ref  3),  the  author  has  developed  a  fluidic  version  of  NET-2 
that  allows  the  circuit  equations  to  be  solved  simultaneously  for  fluidic 
structures  modeled  in  terms  of  nonlinear  resistors,  nonlinear  capacitors, 
nonlinear  inductors,  and  switching  characteristics. 

The  newly-added  computer  models  make  NET-2  extremely  versatile  in 
solving  nonlinear  fluidic  equivalent  circuits.  Because  NET-2  is  far 
more  sophisticated  than  the  other  two  programs,  many  more  complex 
and  sophisticated  fluidic  component  models  have  been  modeled  in 
NET-2.  Therefore,  a  dominant  portion  of  this  paper  contains  fluidic 
models  in  NET-2.  Six  simple  fluidic  configurations  are  modeled  in 
terms  of  NET-2. 

The  information  that  must  be  read  into  a  computer  by  an  engineer- 
user  is  quite  similar,  regardless  of  the  circuit  analysis  program. 

The  engineer-user: 

(1)  Spec  if  ices  the  type  of  analysis 

(2)  Defines  the  swept  variable 

(a)  dc  voltage  range  and  increments 

(b)  time  range  and  increments 

(c)  frequency  range  and  increments 

(3)  Defines  equivalent  circuit  topology 

(a)  type  and  name  of  element 

(b)  names  of  connection  nodes 

(c)  values  of  the  parameters  of  the  element 

(d)  special  conditions  required 


(4)  Defines  individual  component  topologies  which  are  not  stored 

(5)  Defines  constants  and  parameters. 

(6)  Defines  outputs  formats. 

(7)  Modifies  and  updates  parameters  and  component  parameters. 

5.  DSL/90 

A  standard  systems  simulation  language  such  as  DSL/90  (ref  2)  may 
also  be  used  for  studying  fluidic  configurations  that  are  modeled  as 
circuits.  Two  simple  circuits  with  nonlinear  diaphragm  components  are 
set  up  for  and  coded  into  DSL/90  programs.  In  each  nonlinear  circuit, 
equations  are  appropriately  represented  and  organized  to  assure  solutions. 

The  following  approach  is  described  in  terms  of  node  and  branch 
equations,  organized  so  that  a  voltage  or  a  current  Is  equated  to  an 
algebraic  or  an  integral  function  of  other  voltages  and  currents.  For 
specific  circuit  topologies,  one  or  more  equations  must  be  added  (ref  1). 


Figure  2:  Lend  Network  with  Diaphragm 


This  simple  lead  network  may  be  converted  into  the  equivalent 
circuit  of  the  form  In  figure  3: 


Finurc  3:  Fquivnl»-nt  Circuit  for  Lead  Network  with  Diaphragm 


The  system  of  equations  may  be  reduced  to 
i  1  dt  -  /vj  dt  +  C2  v  1 

vj  •  e  -  i—  /i  j  dt 

Ci 

The  value  of  the  capacitance  of  this  diaphragm  (ref  6)  is  expressed 
as 

Ki3 

Cl  "  T/l'i  dt}2 

where  Kj  is  a  constant. 

Substituting  into  the  system  of  equations 

j/ij  dt  -  jSy/vidt  +  C2[e  -  (/i  1  dt/Kj)3] 

|  V!  -  e  -  (/  ij  dt/Kj ) 3 

This  system  of  equations  may  be  solved  simultaneously  in  DSL/90, 
using  the  INTRGL  block  and  the  IMPL  function.  A  SINE  function  Is  used 
to  produce  the  sinusoidal  voltage  source,  e.  These  equations  may  be 
coded  in  DSL/90. 

In  DSL/90  It  is  possible  to  define  variables  in  a  notation  close 
to  that  used  in  the  actual  systems  equations.  For  this  case,  the 
following  equivalences  are  defined: 
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a 

E 

vi 

-► 

VI 

h 

-► 

11 

/E  dt 

-► 

INTE 

/vidt 

-► 

INTV1 

/I  idt 

INT1 1 

*1 

-► 

R1 

Ci 

-* 

Cl 

Kl 

-► 

Kl 

The  following  DSL/90  equations  ere  expressed  essentially  In  FORTRAN 
format: 

E  -  AMP*SINE  (0.,  W,0.) 

INTE  -  INTGRAL  (0.,E) 

I  NT II  -  IHPL  {0.,  .0001,  FY) 

FY  -  INTV1/R1  ♦  C2*  (E  -  ( INTI  1/K1 )**3) 

INTV1  -  INT6RL  (0.,  VI) 

VI  -  E  -  (INTI 1/K1 )**3 

5.2  Lag-Lead  Network  with  Diaphragm  Shunted  by  Capillary  In  DSL/90 

A  lag-lead  network  with  a  diaphragm  may  be  developed  from  the 
lead  network  (fig.  2)  by  shunting  the  diaphragm  with  a  capillary 
(fig.  *). 


CAPILLARY 


AP 


Figure  k:  Lag-Lead  Netvork 
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The  equivalent  c  rcuit  for  this  lag*lead  network  follows  (fig.  5) 


Figure  5:  Equivalent  Circuit  for  Lag-Lead  Network 
Setting  up  the  circuit  equations  for  DSL/90  yields 

ij  dt  -  (i-  +  ^-)  v i  dt  ♦  fc  Vj  +  e  dt 

1  1  *  5 

' ' '  r  •  "* 

where  the  nonlinear  capacitance  is  again 

-.3 

Cl  ■  T7Tj  dtT7 

so  that 

✓ 

;|»  dt "  /Vldt  +  Cz^  '  2  +  sj/edt 

vi  -  e  (/ i i  dt/Kj) 3 

The  SINE  function  is  again  used  to  proo »ce  the  sinusoidal  input 
voltage,  e. 


In  this  case  the  equivalences  between  the  systems  equations  and 
the  DSL/90  notation  are  identical  to  the  equi valences  in  section  5-1. 
One  additional  equivalence  is 


R2  R2. 


21 


In  DSL/90  the  equations  ere  coded  as 

E  -  AMP*SINE  (0.  ,V,0.) 

IMTE  -  INTGRL  (0.,  E) 

INT1 1  -  IMPL  (0,  .0001,  FY) 

FY  -  (1./R1+  1./R2)*INTV1  ♦  C2*  (E  -  INTI 1/K1 )**3) )  -  1NTE/R2 
INTV1  -  INTGRL  (0.,  VI) 

VI  -  E  -  (INTI 1/K1  )**3 

If  might  be  observed  that  If  shunt  resistor  R2  -  <*>,  then  the 
shunted  case  reduces  to  the  unshunted  case  (sect.  5.1). 

6 .  COMPUTER  MODELS  IN  SLIC 

SLIC  (ref  3)  is  a  simple,  Inexpensive  program  that  is  primarily  a 
linear  ac  circuit  analysis  program.  However,  by  modifying  a  few  selected 
FORTRAN  subrountines,  It  !s  possible  to  model  (1)  resistors  with  first- 
order  dependence  on  volume  flow  and  (2)  resistors  and  capacitors  with 
frequency  dependence. 

6. 1  Standard  Element  Models  In  SLIC 

The  standard  elements  (table  II)  in  SLIC,  which  are  of  concern  in 
a  fluidic  circuit  analysis  package,  are  linear  voltage  sources,  linear 
current  sources,  linear  resistors,  linear  capacitors,  and  linear  inductors. 

TABLE  II:  Standard  Elements  in  SLIC 

Element  Card  Format 


1. 

Voltage  source 

Vn 

a 

b 

Value 

2. 

Current  source 

In 

a 

b 

Value 

3. 

Resistor 

Rn 

a 

b 

x  y  z 
r  7r 

4. 

Capacitor 

Cn 

a 

b 

x  y  z 
c  7c 

5. 

1 nductor 

Ln 

a 

b 

Value 

where 

a  ■  Input  node  number 
b  -  output  node  number 

n  »  alphanumeric  name  designating  a  particular  element 
and  for 

z  -  0  (the  I  Inear  case) 
xr  ■  linear  value  of  resistance 

x  -  linear  value  of  capacitance 


and  for 


2  -  1  (the  nonlinear  resistive  case) 

x  -  linear  value  of  resistance 

y£  -  coefficient  of  first-order  term  of  resistance 

and  for 

z«2  (the  frequency-dependent  case) 

2f  »  x£  and  is  the  value  of  capacitance  as  frequency  approaches  2ero 
yr  *  yc  and  is  the  radius  of  a  cylindrical  enclosed  volume. 

6 . 2  Nonlinear  Resistance  In  SLIC 

In  version  C-3  of  SLIC  (ref  3),  the  values  of  the  nonlinear  resistors 
are  computed  dlrectN  as  the  elements  of  the  admittance  matrix  Is  formed. 
In  the  subroutine  DCANAL  (for  dc  analysis)  the  nonlinear  resistance,  R, 

Is  of  the  for r 

R  -  Rq  +  Rl  q. 

U«ing  the  general  definition  for  resistance 

P  .  8(AP) 

"3q 

where  the  nonlinear  expression  for  R  Is  given  above,  then  q(Ap,  RQ,  Ri) 
is  found  to  be 

q  -  •  r^V^  " +  h  AP  • 

Substituting  this  Into  the  nonlinear  definition  for  R  gives 

R  “\J*Q2 ►  2^1  Up) 

SLIC  is  written  to  acc3unt  for  this  type  of  nonlinearity  (in  terms  of  the 
voltage  drop).  It  iteratively  recalculates  the  value  of  R  until  the  same 
value  occurs  for  three  successive  calculations. 

Nonlinear  resistors  are  coded  as  data  into  SLIC  through  the  resistor 
element  card,  which  Is  of  the  form 

Rn  a  b  x  y  2 

where  n  is  an  alphanumeric  resistor  name,  a  and  b  are  the  node  numbers 
between  which  the  resistor  is  connected,  and 

x  ■  R  , 
o 

y  ■  Ri. 
and 

2  -  1 
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where  z  -  1  Indicates  that  the  resistor  is  of  the  nonlinear  form 

R  »  Rq  +  Rj  q. 

6.3  Frequency-Dependent  Capacitance  In  SLIC 

The  frequency-dependent  capacitor  is  Implemented  in  new  subroutines 
called  by  the  subroutine  ACANAL  (for  ac  analysis)  of  the  SLIC  program. 
The  cylindrical  frequency-dependent  enclosed  volume  is  shown  to  be  a 
capacitor  shunted  by  a  resistor  (ref  7) 


r-^7' 

where  Cr  and  C|  are  the  real  and  imaginary  parts  of  Katz's  complex 
expression  for  capacitance  (ref  8). 

The  frequency  response  analysis  is  initiated  in  the  subroutine 
ACANAL  as  the  desired  frequency  range  is  swept.  If  the  capacitor- 
resistor  pair  Is  frequency  dependent,  then  the  values  (C  and  C|)  are 

calculated  in  special  fluidic  subroutines  FDVOLC  and  FDVOLR  respectively. 

The  frequency-dependent  capac i tor-res i stor  pair  is  coded  into  SLIC 
as  data  jn  a  capacitor  card  and  a  resistor  card  of  the  form 

Cm  a  b  x  y  z 

Rn  a  b  x  y  z 

where  m  and  n  are  alphanumeric  names  of  the  capacitor  and  resistor, 
respectively;  a  and  b  are  the  numbers  of  the  nodes  between  which  the 
parallel  capacitor  resistor  pair  are  connected;  x  is  the  capacitance 
value  of  an  identical  capacitor  for  the  adiabatic  case 


y  is  the  radius  of  the  cylindrical  volume;  and  z  is  2.  Here,  v  is  the 
volume  of  the  cylindrical  volume,  pQ  is  the  reference  static  pressure, 

and  y  Is  the  ratio  of  specific  heats. 

When  z  -  2,  the  SLIC  program  treats  the  capacitance  and  resistance 
as  frequency-dependent  components. 

6.1*  Lead-Lag  Network  In  SLIC 

A  simple  lead-lag  network  is  represented  as  an  equivalent  circuit 
in  figure  6. 
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To  implement  the  lead-lag  circuit  (fig.  6)  in  SLIC,  the  following 
steps  are  taken: 

(1)  The  pressure  source,  p.  ,  is  simulated  by  VI  between  nodes  1 
and  0  in  figure  7. 

(2)  Capacitors,  which  shunt  the  pressure  source,  are  taken  as  part 
of  the  pressure  source.  Therefore,  elements  C  ,  R  ,  C  , 

R32  do  not  appear  in  figure  7-  31  C31  32 

(3)  An  RLC  model  of  a  load  capillary  and  a  small  resistor,  RB,  are 
added  between  nodes  2  and  0.  Only  RB,  Rl  and  LR 1  appear  in 
figure  7- 

(*0  Remaining  parallel  resistors  and  parallel  capacitors  are  combined 
as  equivalent  resistors  and  capacitors  evaluated  as 


C  2 1  +  C22  +  ^2 


\ 


R2  /T\  LR2 


(ro)vi 


©  © 


RB  Rl  LRI 


:C2  >RC2 


Figure  7:  Lead-Lag  Network  Prepared  for  SLIC  Program 


Considering  non! inearl tes  In  the  capillaries  and  frequency  dependence 


le  enclosed 

vol umes 

within  the  bellows,  enclosed  volume,  junctions, 

and 

lary, 

the 

SLIC 

input  program  is  of  the  form: 

GAIN 

02 

00 

01 

00  AC 

FREQ 

fn 

f, 

f2 

VI 

01 

00 

(value  of  voltage) 

Cl 

01 

02 

(value  of  capacitance) 

C2 

02 

00 

(value  of  capacitance)  (radius) 

2- 

RC2 

02 

00 

(value  of  capacitance)  (radius) 

2. 

R2 

01 

05 

(linear  coefficient)  (first-order  coefficient) 

1 . 

LR2 

05 

02 

(value  of  inductance) 

CR2 

02 

00 

(value  of  capacitance)  (radius) 

2. 

RCR2 

02 

00 

(value  of  capacitance)  (radius) 

2- 

RB 

02 

03 

(small  value,  e.g.  .001) 

Rl 

03 

04 

(linear  coefficient)  (first-order  coefficient) 

1 . 

LRI 

04 

00 

(value  of  inductance) 

END 
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7.  NET-2 


NET-2  (ref  5)  is  more  convenient  and  versatile  for  studying  fluidic 
circuits  than  any  other  circuit  analysis  program.  Three  factors  contribute 
to  its  convenience  and  versatility.  First,  nonlinear  components  may  be 
described  in  NET-2,  so  that  all  response  calculations  are  simultaneous 
solutions.  Second,  the  values  of  the  elements  In  the  equivalent  circuit 
models  may  be  entered  as  numbers,  as  parameters,  as  algebraic  expressions 
or  as  tables.  Third,  a  modular  hierarchy  may  be  established  with  defined 
models  and  stored  models.  In  the  hierarchy  of  models,  large  models  may 
be  assembled  from  both  individual  element  representations  and  basic  models. 

In  this  section,  standard  NET-2  elements  are  listed.  Basic  nonlinear 
resistors,  nonlinear  capacitors,  and  nonlinear  Inductors  are  built  up. 

Basic  models  of  fluidic  capillaries,  enclosed  volumes,  bellows/chambers, 
diaphragm/chambers,  and  laminar  proportional  amplifiers  are  described. 
Finally,  a  few  simple  networks  are  set  up  in  NET-2. 

It  is  important  to  recognize  that  while  NET-2  can  solve  sophisticated 
network  problems,  computational  costs  of  this  system  reflect  both  the 
amount  of  core  memory  and  the  running  time  It  requires.  No  direct  checks 
have  yet  been  run  on  comparative  costs  between  HET-2  solutions  to  fluidic 
networks  and  solutions  used  with  other  programs,  including  SLIC.  In 
general,  it  may  be  assumed  that  NET-2  runs  a  problem  faster.  However, 
the  greater  sophistication  of  NET-2  might  be  used  when  less  sophisticated 
models  would  be  adequate.  The  use  of  sophisticated  models  may  increase 
the  relative  cost  of  NET-2  solutions,  for  example,  over  SLIC  solutions  by 
factors  from  1.5  to  10. 

7. 1  Standard  Element*  in  NET-2 


A  total  of  16  elements  of  current  interest  are  available  in  release 
8  of  NET-2  (ref  5).  Each  of  the  following  standard  elements  is  designated 
both  by  a  type  name  and  by  a  number  for  that  type.  The  nodes  to  which  it 
is  connected  and  its  value  are  specified.  Table  III  summarizes  the  stand¬ 
ard  NET-2  elements. 
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TABLE  III:  Standard  Elements  In  NET-2 


1. 

Voltage  source 

Vn 

a 

b  Value,  r 

2. 

Current  source 

In 

a 

b  Value 

3. 

Resistor 

Rn 

a 

b  Value 

4. 

Capacitor 

Cn 

a 

b  Value 

5. 

Inductor 

Ln 

a 

b  Value 

6. 

Switch 

Sn 

a 

b  Value 

7. 

Gain  block 

GAINn 

a 

b  Value 

8. 

Summer 

SUMn 

b 

t»2  •  •  • 

9. 

Integrator 

INTn 

a 

b  g 

10. 

Differentiator 

DERIVn 

a 

b 

II. 

Nultipl ier 

MULTn 

b 

lai  ±a2  .  .  . 

12. 

Limiter 

LIMn 

a 

b  Value 

13. 

Voltage  controlled 
conductance 

VCGn 

e 

f  a  b  g 

14. 

Voltage  controlled 
voltage  source 

VCVSn 

e 

fa  b  g,  r 

15. 

Voltage  controlled 
current  source 

VCCSn 

e 

f  a  b  g 

16. 

Voltage  controlled 
conductance  defined 
by  table  look-up 

XMOOn 

8 

1  a  b  //TABLEm 

where  a,  3|  are  input  node  names 
b  is  an  output  node  name 
e,  f  are  differential  control  node  pairs 
g  is  a  gain  value 

m  is  a  number  designating  a  particular  table 
n  is  a  number  designating  a  particular  element 
r  is  the  value  of  internal  resistance 
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7.2  Basic  Nonlinear  Components  In  NET-2 

In  NET-2,  non!  Inearl  ties  may  be  written  directly  into  the  expressions 
that  define  "value"  of  the  components.  In  NET-2  (release  8),  if  the 
"value"  is  defined  by  a  nonlinear  expression  (in  terms  of  a  dependent 
response  variable),  simultaneity  of  solution  will  be  sacrificed. 

However,  by  using  the  simulation  elements  (7~I2,  Table  III)  and  the 
table  look-up  in  conjunction  with  the  voltage  controlled  elements  (13~)6, 
Table  III),  the  nonlinear  expressions  may  be  rephrased  so  that  simultaneous 
solutions  are  obtained. 

For  the  fluidic  components  described  in  succeeding  sections,  it  is 
necessary  to  develop  nonlinear  resistors,  nonlinear  capacitors  and  non¬ 
linear  inductors.  Two  nonlinear  resistors,  two  nonlinear  capacitors  and 
one  nonlinear  inductor  are  described  and  modeled  below.  In  addition,  a 
nonlinear  function  generator  and  a  switching  characteristic  are  introduced. 

Exact  solutions  at  each  point  in  the  response  calculations  can  be 
assured  by  appending  these  more  sophisticated  models  to  the  existing  NET-2 
element  models. 


Figure  8.  Nonlinear  Resistor  (usino  TABLE  lookuo) 
NET-2  Listing 


•  t F  IN:  *•’  >iL  1  I  4  HUT 

XM'.iDl  H  l  IN  GUI  //T  AoLt  1 

<1  I  <.  ^.U I  ♦♦♦uAhGF  SHUMI.’.G  teSISIMCt.  C.G..  10M 

I  A  *|  fc  l 

*  *  *  V  A  LG  l  LF  V  I  L  I  AGI  *  ***V>*LUF  i)F-  CU“lSfcNI*** 
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eneral  nonlinearity  through  table  look-u 


A  general  nonlinear  resistance  value  is  set  up  with  a  voltage 
controlled  conductance  in  conjunction  with  a  table  look-up.  A  table  look¬ 
up  Is  implemented  with  a  special  block,  currently  designated  as  XMOta 
(external  computer  HODel) .  This  particular  XMOD  Is  a  nonlinear  resistor 
in”which  voltage  and  current  are  tabular  functions  that  are  defined  in 
TABLEm.  The  schematic  is  shown  in  figure  8.  A  resistor,  Rl,  shunts  XMODI 
to  maintain  a  finite  total  resistance.  The  conductance  of  VCCI  is  defined 
in  TAB  LEI  ,  In  which  the  differential  voltage  (V...  -  Is  entered  and 

the  current  q  selected.  (Note  that  the  voltage  difference,  which  is  the 
independent  variable,  is  arranged  monotonlcal ly  from  smaller  to  larger 
values).  A  typical  defined  model,  designated  as  RNLT  (Resistance,  Non- 
Linear  with  a  Table  look-up)  Is  given  in  figure  8. 

7.2.2  Nonlinear  Resistor  (with  flow  nonlinearity  using  VCG) 


A  nonlinear  resistance  value  that  occurs  frequently  In  fluidic  compo¬ 
nents  has  the  form 


r  -  f  (q). 


A  resistor  of  this  form  is  implemented  computationally  in  NET-2  with  a 
voltage -control  led  conductance  (VCG).  The  schematic  is  given  in  figure  9- 

Resistance  is  established  in  VCGI.  The  flow  Is  metered  in  Rl  and 
evaluated  at  node  3*  Nonlinear  functions  are  introduced  at  node  NL.  The 
conductance,  calculated  and  evaluated  at  node  10,  Is  applied  to  VCGI 
between  node  pairs  10  and  0. 

A  typical  defined  model,  designated  as  RNLVCG  (Resistance,  NonUnear 
with  a  VCG),  is  shown  in  figure  9. 


Figure  9-  Nonlinear  Resistor  (using  VCG  as  a  function  of 
through  flow) 


[i] 


NET-2  Listing 


dfcFINE  RNIVCu 
R1  IN  l 

VCC1  10  0 

SUHl  2  MN 

GAIN l  2  3 


IN  uur  0  NL 

•♦•SHALL  METERING  RESISTANCE*  E.G.*  .001*** 
1  OUT*  1. 

-I 

l./RI 


7.2.3  Nonlinear  Function  Generator  (general  non! I  near  I  ties 
through  table  look-up 

To  Implement  many  of  the  nonlinear  functions,  a  general  nonlinear 
function  generator  is  needed.  In  release  8  of  NET-2,  the  sole  mechanism 
for  producing  a  general  nonlinear  relationship  (while  maintaining  simul¬ 
taneous  solutions)  is  the  use  of  a  table  look-up.  By  Incorporating  the 
table  look-up  with  the  voltage-controlled  conductance  in  the  XHOD  form 
(an  ex  computer  model  In  NET-2)  a  general  nonlinear  function 

generator  Is  modeled.  A  schematic  of  the  model  is  shown  In  figure  10. 

The  Input  function  Is  given  at  node  IN.  It  Is  necessary  to  generate 
a  specific  function  at  node  OUT  so  that 


V 

v0UT 


f  <V  • 


A  voltage-controlled  conductance  of  the  form,  XH0D1 ,  has  approximately 
the  voltage  drop,  V|N,  across  It.  TABLE  I  defines  the  current,  I,  through 


XM0D1  so  that  the  numerical  value  of  I  Is  equal  to  the  required  value 
V, 


'OUT 


f(V|M). 


A  metering  resistor,  R.  (fig.  10),  Is  defined  to  be  much  smaller 
than  any  resistance  attained  in  XMODI. 


Rj  «  R (XMODI ) . 


Current  I,  through  XH0D1  Is  approximately  given  as 


I  (XMODI)  -  - - 

R1 


Elements  SUM!  and  GAINI  set  the  voltage  at  node  OUT  numerically 
equal  to  the  current  (the  desired  functional  relationship),  through  the 
voltage-controlled  conductance.  This  nonlinear  function  generator, 
defined  as  FGNLT  (Function  generator,  NonUnear  with  a  Table  look-up), 
Is  given  In  NET-2  In  figure  10. 


XM00I  •  1 

1  J 

© 

(MVfcXm) 


© 

liTvb)» 


Figure  10.  Nonlinear  Function  Generator  (function  of  node 
voltage  through  TABLEm  lookup) 

NET-2  Listing 


JEFINE  FGNL  IN  OUT 

Rl  IN  I  •••SMALL  1ETERING  RESISTANCE*  E.G.*  .301*** 

XMODl  8  I  I  0/ /T AttLE ( 

SUMI  2  ♦ I N  -l 

GA INI  2  OUT  !./*! 

T  ABLE  1 

•  ••VALUE  OF  V  IN***  •••VALUE  OF  FIVINI*** 


7-2. k  Nonlinear  Grounded  Capacitor  (using  flow  dlfferencer  and 
InteqratorT 

A  nonlinear  grounded  capacitor  Is  modeled  with  a  flow  dlfferencer 
and  an  integrator.  For  grounded  capacitors  in  fluidics,  the  relationship 
between  the  pressure  drop,  Ap,  (compared  to  a  reference  pressure)  and  the 
volume  flow,  q,  Is  of  the  form:  (ref  9) 


Ap  =  p  "  PQ  ■  /  A  q  dt. 

When  C  Is  a  nonlinear  function  of  the  nodal  pressure,  a  nonlinear  approach 
is  useful.  The  differential  flow  Is  found  by  subtracting  the  flow  passing 
out  of  the  capacitor  from  the  flow  entering  the  capacitor.  The  model  that 
implements  the  nonlinear  grounded  capacitor  is  shown  in  figure  II. 

Resistors  Rj  and  R,  meter  the  input  and  output  flows,  respectively. 
With  summers  and  gain  blocks,  the  voltage  at  node  5  Is  equal  to  the  output 
flow  to  ground  (q^  -  q2) .  Node  6  is  the  integrated  value  of  node  5.  A 
nonlinear  function  for  C  is  introduced  at  node  NL.  The  pressure  at  node 
HID  is  computed.  The  NET-2  listing  Is  shown  In  figure  II.  Here,  the  non- 


linear  grounded  capacitor  is  defined  in  the  model  CNLG  (Capacitance,  Non- 
Unear  Grounded). 


Figure  11.  Nonlinear  Grounded  Capacitor  (using  flow 
differencer  and  integrator) 


NET-2  Listing 
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IN 
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7.2.5  Nonlinear  Grounded  Capacitor  (using  flow  differencer. 

Integrator  and  table  look-up) 

The  nonlinear  capacitor  discussed  above  may  be  used  in  conjunction 
with  a  table  look-up  through  the  nonlinear  function  generator  (sect.  1.1.}). 
The  schematic  of  this  simulation  is  shown  in  figure  12.  The  computation 
is  identical  to  the  more  general  model,  CNLG,  as  far  as  the  output  of  INTI 
(node  6).  The  function  generator  with  table  look-up  (FGNL)  Is  connected 
at  node  6.  The  output  of  the  nonlinear  function  generator  establishes 
the  voltage  at  node  HID. 
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The  NET-2  listing  for  this  nonl Inter  cepecltor  (CNLGT-Capacltor, 
NonUneer  Grounded  with  Table  look-up)  Is  shown  In  figure  12. 


Figure  12.  Nonlinear  Grounded  Capaci tor  (using  flow  differencer, 
integrator,  and  TABlEm  lookup) 


NET-2  Listing 


DEF  INF  CNLGT  IN  OUT  0 

PI  ***VOLUME*** 

P 135  ***POLYTROPIC  COEFFICIENT*** 

HI  IN  N 1 0  ***S MALL  METERING  RESISTANCE*  E.G.,  .001*** 

R2  MID  JUT  ***SMALL  METERING  RESISTANCE,  E.G.,  .001*** 

SUM!  I  UN  -NIJ 

GAIN!  1  2  l./Rl 

SUM2  3  *M ID  -OUT 

GAIN2  3  A  1./R2 

SUM3  5  *2  -A 

INTI  5  b  P135 

« 3  fc  7  ♦♦* SMALL  METERING  RESISTANCE,  E.G.,  .331 

XMODl  8  l  7  0//TA8LEI 
SUMA  8  *6  -7 

GAIN3  8  MID  1./33 

TAdLEl 

***N*( I  NT  I Q I N-OOUT I D  T I *** 


HN*I  I  NT  I  Qi  N-OOUT  I  DTI  »♦•* 


7.2.6  Nonlinear  Point-to-PoInt  Capacitor  (using  tvpe  -1  PC  mutator 


A  nonlinear  point-to-point  capacitor  Is  modeled  with  a  type  -I  PC 
mutator  (Chua,  ref  10).  The  approach  used  above  for  the  grounded  capacl 
tor  Is  unsatisfactory  because  neither  the  input  nor  the  output  of  a 
point-to-point  capacitor  Is  at  the  reference  pressure.  A  mutator  is  in 
the  class  of  a  more  general  two-port  (four-terminal)  device— the  gyrator 
In  essence,  voltage  and  current  functions  may  be  Interchanged  within  the 
gyrator. 


To  fgrm  a  nonlinear  point-to-point  capacitor,  C,  with  the  same 
value  as  ^  (where  k  -  I  in  units  of  time),  a  type -I  RC  mutator  Is  used. 

A  nonlinear  resistor,  P,  is  used,  as  well  as  control led-voltage  sources 
and  control led-current  sources.  The  RC  mutator  is  a  two-port  black  box 
(fig.  13). 


•  ♦ 


"1 


Figure  13.  Nonl'near  Capacitor  Using  Type-1  RC  Hutator 


•For  the  resistor,  P,  Ohm's  law  gives 


v  -  PI 


where 


I  =  -I 


so  that 


A  capaci tance-type  relationship  between  v2  and  l2  Is  required  so 

that 


v 


2 


1 

C 


/  l2  dt  . 


Equating  and 


I  _  R 
C  =  k 

and  substituting  for  i  from  the  differential  equation  and  R  from  Ohm's 
law:  L 


v2 

/  l2  dt 


Then  the  numerators  may  be  equated  and  the  denominators  may  be 
equated: 


V2  *  V1 
/i2  dt  -  -kl, 


Differentiating  the  second  equation  with  respect  to  t  gives  the 
pair  of  equations: 


Thus,  relationships  for  a  type  -I  RC  mutator  have  been  derived.  In 

figure  14,  R  can  be  driven  by  a  control led-voltage  source,  v,  -  v« ,  and 

1  d  l  ^  ^ 

|r  can  be  driven  by  a  controlled-current  source,  l2  ■  -k  ”  I  . 
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Figure  |I*.  Schematic  of  Type-1  PC  Mute  tor  as  Capacitor 

1  R 

The  value  of  y  can  thus  be  set  equal  to  t!.e  value  of  r  (where  k  ■  1). 

The  NET-2  model  that  simulates  this  nonlinear  capacitor  is  shown  in 
figure  15.  The  main  body  of  this  RC  mutator  is  the  voltage-controlled 
voltage  source,  VCVS1,  and  the  voltage-controlled  current  source,  VCCS1. 
The  calculated  nonlinear  capacitance  value,  C,  is  introduced  at  node  NL. 
The  voltage-drop  relationship  between  V(N  and  VgUT  is  implemented  as  the 
output  of  SUM 1  at  node  1  (referenced  to  ground)  controls  VCVS1  .  The 
relationship  between  if  and  i2  is  set  up  by  metering  the  Input  current 

into  VCVSl  with  resistor  Rj  ,  calculating  ij  with  SUM2  and  GA INI,  and 

differentiating  It  in  0ERIV1.  Node  6  at  the  output  of  DERIV1  (referenced 
to  ground)  controls  VCCS1 . 

The  element  VCCSI  in  this  mutator  serves  as  the  nonlinear  capacitor. 
In  figure  15,  the  nonlinear  point-to-point  capacitor  (defined  as  a  model 
in  NET-2)  is  ca'ied  CNLPP  (£apaci  tance,  NonlLinear  Point-to-Point). 
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VCCSi 


fcC  MUTATOR 


fsur«  15.  Nonlinear  Capacitor  (using  Type-1  RC  mutator) 


NET-2  Listing 


UEFINfc  CNLPP  in  CUT  0  NL 

VCCSI  6  o  IN  uur  -1. 

SuMl  l  ♦  I N  -CJUI 


VCG1  NL 
VCVSl  l 


«l  2 
SUM2  4 
GAINI  4 
OCRIVl  •> 


20  l#  ♦♦♦SMALL  INFERNAL  RESISTANCE 

F.G..  .03001*** 

♦♦♦SMALL  METERING  Rfc  S I  STANCE  »  E.G.,  .331*** 
5  l./ai 


I 


7*2.7  Nonlinear  Inductor  (using  type-1  RL  mutator) 

As  in  the  case  of  the’nonl Inear  point-to-point  capacitor,  a  nonlinear 
Inductor  is  modeled  with  a  mutator.  For  the  nonlinear  inductor,  a  type-1 
RL  mutator  (Chua,  ref  10)  is  modeled.  Starting  with  a  nonlinear  resistor, 
R,  and  using  the  type -I  RL  mutator,  a  nonlinear  Inductor,  L,  equal  to  kR 
(where  k  is  unity  in  units  of  time)  Is  to  be  constructed.  The  RL  mutator 
is  cons'dered  as  a  two-port  block  box  (fig.  16). 


Figure  16.  Nonlinear  Inductor  Using  Type-1  RL  Mutator 


An  Ohm's  law  relationship  between  the  voltage  drop,  v,  and  the 
current,  i,  is 


where 


and 


v  *  Rl 


v 


so  that 


i  =  -i 


I 


v |  =  -Ri 


1  ’ 


The  RL  mutator  must  be  designed  to  develop  an  inductive  type  relationship 
between  Vj  and  Ij.  as 


v 


2 


or 
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/v2  dt  ■  L  l2 


where  L  and  kR  have  the  same  value 


Flflura  17.  Schematic  of  Type-,  K  Mutator  as  Inductor 
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The  value  of  L  can  therefore  be  equated  to  the  value  of  R  (where 
k  ■  1).  A  NET-2  simulation  model  of  this  nonlinear  inductor  is  shown  in 
figure  18. 

The  mutator  Itself  is  a  voltage-controlled  voltage  source,  VCVSl, 
and  a  voltage-controlled  current  source,  VCCSI.  Node  NL  is  set  at  a 
voltage  corresponding  to  the  reciprocal  of  the  value  of  the  nonlinear 
inductor,  1/L.  The  value  of  i.  is  set  by  metering  the  current  i.  through 
Rl  with  SUM!  and  GA INI.  Node  }  at  the  output  of  GAINI  controls  VCCSI  , 
which  has  the  gain  of  -1.0.  The  relationship  between  V_  and  V.  is  calcu¬ 
lated  with  DERIVI,  the  output  of  which  (node  5)  controls  VCVSl!  In  this 
mutator,  VCVSl  serves  as  the  nonlinear  inductor. 

In  NET-2,  the  nonlinear  inductor  (fig.  18)  is  defined  as  the  model, 
LNL  (for  NonLinear  inductor). 

, - - , 


db©i(°) 


RL  MUTAIOrt— *| 


o  111  - 


Figure  18.  Nonlinear  Inductor  (Using  type-1  RL  Mutator) 


NET-2  Listing 


>ti-iN(i  lm  r<  •  il  r  d  m 

„  l  |\  1  ♦  <=<  SMALL  »Mlf*<|\3  ufSISTANCt*  t.u..  .Jul*** 

S :  I V  |  2  ♦If;  -I 

GAira  2  i  l./u 


G  A  INI  2  3  l 

VC.Vbl  b  L  1 

VCCSI  3  C.  «• 

Vful  M  0  <* 

Ut.KlVl  b 


l.  ♦  *$bVf>iL  l'»lt-K\AL  ciiSIAvi.f 
t  .  J  i  V)  l  ♦  < 


7.2.8  Switching  Characteristic  (actuated  by  node  voltage  using 
biased  limiters) 

When  the  response  variables  are  Introduced  into  the  standard  NET-2 
switch  element,  the  solution  simultaneity  breaks  down.  Therefore  the 
following  approach  is  useful  for  preserving  simultaneity.  A  typical 
switching  characteristic  from  low  to  high  is  shown  in  figure  l9--when 
the  independent  variable  x  (in  this  case,  a  node  voltage)  equals  x.,  the 
value  of  y  is  switched  from  yj  to  yj. 

A  simulation  schematic  is  diagrammed  in  figure  19.  The  difference 
between  the  voltage  x  at  node  IN  and  the  switching  value  x.  at  node  I 
are  obtained  in  SUM1  at  node  2.  The  difference  (x-x.)  is  amplified  with 
a  high  positive  gain  in  GAINI  and  limited  at  ±(y«  *  y | ) /2  in  L I HI .  Thus 
at  node  4,  y  switches  between  +  {y.  -  y.)/2  at  x  *  x. .  Then  the  level 
can  be  set  by  adding  (y.  +  y,)/2  at  node  5  to  node  4  in  SUK2  to  give  the 
output  at  node  OUT. 

The  NET-2  listing  for  this  model,  called  SWITCH,  is  given  in  figure 
19.  To  switch  from  high  to  low,  the  slop's  is  made  negative  either  by 
performing  the  difference  (xj  -  x)  or  usl  »g  a  high  negative  gain  in  GAINI. 


Figure  19.  Switching  Characteristic  (actuated  by 
node  voltage  and  biased  limiters) 
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NET- 2  Listing 


itHfii  Sa'ITCH 
VI  1  3 

SUM 1  i  ♦ I N 

uAira  i  3 

L  I  M  1  3  4 

V>  S  J 

(JT  *H 


IN  i  .NT 

•  •♦VAIUL-  Jf  XL**t 
-1 

♦♦♦Hlf.f  GAIN,  t  ICMC)*** 

V ALLfc  UP  (  V 2-V 1 1 / 2  •*** 

♦** VALUt  Qf  l <i* 11) /?.*** 

♦  S 


7.3  Basic  Fluidic  Components  In  NET-2 


The  basic  fluidic  . nponents  are  defined  In  NET-2.  Using  the  standard 
forms  of  the  NET-2  eluants  as  well  as  the  nonlinear  simulations  described 
in  section  several  computational  models  of  the  capillary,  enclosed 
volume,  bellows,  diaphragm,  and  laminar  proportional  amplifier  components 
are  constructed. 


The  values  of  the  elements  in  the  components  are  defined  parame¬ 
trically  in  expressions.  In  NET-2  all  parameters  are  designated  in  the 
form  "Pn",  where  n  takes  on  a  different  integral  value  for  each  parameter. 
Certain  fluid  parameters  are  included  In  the  several  component  models. 
These  are  designated  as 


PIOI 

w  1 

■  3.14159 

PI  02 

P. 

mass  density 

P103 

U, 

dynamic  viscosity 

PI  04 

V, 

kinematic  viscosity 

PI  06 

Po* 

ambient  static  pressure 

P107 

(?■ 

.  ,  . .  ,  /  static  case 

dummy  var  able  for  (  .  . 

'  \  dynamic  case 

P108 

B, 

inertance  coefficient 

7.3-1  Capillary  Component  with  Linear  Resistance.  Inertance, 
and  Capacitance 

The  capillary  component  Is  a  bundle  of  N  identical,  parallel, 
circular  capillaries.  A  possible  low-frequency  equivalent  circuit  is  one 
lump  of  0  transmission  line  (ref  II)  shown  in  figure  20.  The  linear 
values  (ref  12)  of  the  Poiseuille  Law  resistance,  R,  (where  t/r  >  100), 
for  the  slug  inertance,  L,  and  of  the  compressibility  capacitance,  C,  of 
a  perfect  gas  are 
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where  r  and  t  are  the  radius  and  length,  respectively,  for  each  capillary 
In  the  bundle.  The  constant,  8,  (ref  12)  goes  from  4/3  at  low  frequencies 
to  I  at  frequencies  above  500  Hz.  The  polytropic  coefficient,  n,  (ref  8) 
for  air  goes  from  1,0  at  low  frequencies  to  1.4  at  high  frequencies. 
Additional  parameters  In  a  NET-2  model  are  the  capillary  radius,  PI;  the 
capillary  length,  P2;  and  the  number  of  parallel  capillaries,  P3.  The 
nodes  are  called  IN,  HID,  OUT  and  0  (ground).  When  the  capillaries  are 
considered  simple  resistors,  parameter  P 1 07  Is  0,  so  that  the  inertance 
and  capacitance  are  zero.  For  cases  in  which  the  dynamics  are  desired, 

P 1 07  Is  set  to  I.  The  linear,  dynamic  model  of  the  capillary  component 
in  NET-2  is  defined  as  TUBEDY  (capillary  with  DYnamlcs)  in  figure  20. 


Figure  20.  Capillary  (Linear  R,  L,  C  Model) 
NET-2  Listing 


DEFINE  TUBEDY  IN  OUT  0 

PI  ***R AUI US*** 

P2  ***LENGTH*** 

PJ  ***NUMBER*** 

PlOl  *•*  *** 

P 1 32  *  **MAS  S  DENSITY*** 

P133  ***DYNAM I C  VISCOSITY*** 

P 106  ***REFER£NCE  PRESSURE*** 

P 107  ***ON-OFF  SWITCH  FOT  DYNAMICS  10  *  OFF,  1  «  ON)*** 
P 130  *** I NER T ANCE  COEFFICIENT*** 

*1  IN  M 1 0  8.*P 133*P2/IP131*PI**A*P3) 

LI  MIO  UUT  PIO0*P1O2*P2/(PIOI*PI**2*P3I*PIO7 

Cl  OUT  3  P131*P1**2*P3/IP135*P136I*P137 
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7-3.2  Capillary  Component  with  Inertance.  Capacitance,  and  Measured 


Resistance 

The  dimensions  of  the  capillary  are  critical  in  the  calculation  of 
the  linear  values  of  R,  L,  and  C.  Resistance  Is  the  most  critical  value 
because  it  Is  Inversely  proportional  to  the  fourth  power  of  the  small 
and  Irregular  capillary  radius.  It  Is  often  more  precise  to  measure 
resistance  experimentally  and  to  use  the  measured  numerical  quantity 
for  the  defined  value. 

For  the  circuit  shown  In  figure  21,  the  metiured  value  of  resistance 
is  used  in  the  defined  NET-2  model  called  TUBEMR  (capillary  with  Measured 
Resistance).  The  value  of  the  measured  dc  resistance  is  given  as  Pk. 


i© 


Figure  ii.  Capillary  (Linear  L  anc  Z  with  .ied.>ured  linear  R  model) 
NET-2  Listing 


)f  F  | \  f  niht'V  IN  ULT  0 
Pi  ***KAI)1  US*** 
v l  ***1 ENGTH*** 

PJ  ***NJMHfcP*** 

PA  ♦•♦MFASJM-i)  VALUE  OF  RESISTANCE*** 

P 1 3 1  *♦*  *♦♦ 

P 1 02  * ** MASS  GtNSITY*** 

P10A  ***l)Y\AM|C  VISCOSITY*** 

PUS  ***PHL  YTP( PIC  COEFFICIENT*** 

PUG  ***P  tE  EP I NCr  ’PT  SSl^t  *** 

PUT  *  *  *  l  .N— Til  F  SwITCH  F  H  DYNAMICS  1C  =  JFF,  I  *  TNI*** 
PUB  ♦  **  1  \f  R  T  ANCL  COfcFF  I C  I  ENT*** 

PI  IN  MIN  P4 

LI  MIO  CUT  P  1C R*P  1 02* P2/I P  4  0l*P  l**2*P  J  I *E*l 07 

Cl  OUT  0  PUI*P|**2*P3/IP105*P106I*P107 


7.3-3  Capillary  with  Nonlinear  Resistance 


If  the  capillary  has  a  small  length-to-dlameter  ratio,  the  end  effects 
contribute  a  nonlinear  term  to  the  resistance  value.  According  to  the  form 
ulation  by  White  (ref  13),  the  resistance  of  a  capillary  Is  expressed  as 


R 


8yt  .  7  p 

Nfl?*  Z  Nlx*r4  q 


where  q  is  the  volume  flow. 


The  simulat 
with  Resistance 
linear  resistor 
is  used.  TABLE 
AP| ,  and  flows, 


pairs  of  values 


ion  schematic  and  the  NET-2  listing  for  TUBERT  (capillary 
given  in  Table  look-up)  are  shown  in  figure  22.  The  non- 
simulated  in  section  7*2.1  and  designated  RNLT,  in  NET-2, 
1  in  RNLT  is  coded  as  pairs  of  values  (of  pressure  drops, 
qj),  for  the  nonlinear  resistor.  Since  ^  m  ^Pj 

~  ’ 

(Apj,  q^  are  coded  Into  the  two  columns  of  TABLE  1. 
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Figure  22.  Capillary  (Nonlinear  R  using  TABLEm  lookup) 
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NET-2  Listing 


Jl  t  I  U 
PI 
P? 

P  3 

pi  n 

PI  32 
PI  33 
PI  13b 
P  1  3'j 
PI  J7 
PI  33 
x  v  )ul 


lUhMT  IN  ML!  0 

AUIUS*** 

***L  tNGI »<•** 

•♦•NJMRtK*** 
r  *  *  *** 

►♦•vans  m-NSify*** 

**•1  Vfi/.VIC  VISUlSi  I 

*  *  *  PCil  V  1 M  HP  I L  t.jff  HLIfcNT*** 
***PH TPl'NCC.  PM:SSU<  t  ♦ 

♦  SwItCh  K<  U  f  NAP  I !.  S 
**♦  |M  P!  Af  t  ►  UHI  1C  IhNI<  ♦♦ 


I  j  *■  If  f- ,  l  *  j.i)  **« 
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»1 

IN 

Min 

LI 

VI0 

(iU  T 

U 

<<UT 

c 

TA  tit  l 

ft  *  ^ 

■>  t  S  S  )*  I 

n:. 

1  » 

♦  ** 


X 1 J  /  /  r  A:*L  L  l 

,;p(.l  SHUN  I  1  \'»  VALUP.  133  1  Mi  s  the  line  a 
PANT  IP  K*** 

P  l.Ji*Pl02*P2/lPMl*Plt*2*Pl)*Pl)T 

PloI*Pi**c*Pi/|PlJ‘><“>lJM*Pljf 


♦  VU  l  JXc  F  l  )/.*** 


7 - 3 - **  Capillary  with  Nonlinear  Resistance  Using  VCG 

When  the  values  of  resistance  are  expressed  In  terms  of  relatively 
simple  functions  of  the  dependent  variable  (pressure  drop  or  volume  flow), 
the  approach  using  a  VCG  Is  applicable. 

The  nonlinearity  given  In  White's  expression  (ref  13)  may  be  simu¬ 
lated  In  the  schematic  shown  In  figure  23.  A  NET-2  listing  is  given  for 
TUBERV  (capillary  with  a  nonlinear  Resistance  expressed  with  a  Voltage- 
controlled  conductance).  This  approach  utilizes  the  nonlinear  form  of 
resistance  developed  as  the  model  RNLVCG  (section  7*2.2). 

The  constant  term  in  the  resistance  ‘is  calculated  at  node  6.  The 
flow-dependent  term  is  generated  at  node  4.  The  resistance  Is  formed 
from  the  constant  and  flow-dependent  terms  that  are  summed  in  SUH2. 
Resistance  is  Inverted  in  MULTI  at  node  8,  which  controls  VCG1. 


Figure  23-  Capillary  (Nonlinear  R  using  VCG) 
NET-2  Lifting 


JEFINfc  TUBERN  IN  OUl  0 

PI  ••♦RADIUS*** 

P2  •♦♦LENGTH*** 

P  3  ♦••NJNBEH*** 

P 1 31  •••  ••• 

P 102  ***MASS  DENSITY*** 

P 103  ***OYNAH 1C  VISCOSITY*** 

P 1 05  •♦♦POLYTBOPIC  COEFFIC  IENT*** 
p 10b  ***REFERENCE  PRESSURE*** 

p  107  ♦••ON-OFF  SWITCH  FO*  DYNAMICS  10  «  UFF,  1  *  UNI*** 
P10B  ***INERTANCE  COEFFICIENT*** 

HI  |N  1  ***SHALL  METERING  RESISTANCE,  E.G.,  .331*** 

VCG1  8  0  1  OUT  t. 

SUN1  2  ♦ I N  -l 

GAIN1  2  3  l./M 

GAIN2  3  A  7./6,*Pl027IP10l*Pl**2*P3)**2 
VI  5  3  1, 

GAIN3  5  6  b.*M  J3*P2/1P131*PI****P3) 

SJH2  7  »A  »6 


HULi*«  8  *5  -7 

LI  .'MO  OUT  P109*P132*P27|P131*PI**2*P3»*P137 
Cl  OUl  0  P101*PI**2*P37IP105*P136I*P137 
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7.3.5  Enclosed  Volume  Component  with  Linear  Capacitance 

The  enclosed  volume  component  is  a  tank.  The  simplest  equivalent 
circuit  for  the  enclosed  volume  is  a  grounded,  linear  capacitor,  shown 
schematically  In  figure  24.  The  linear  value  of  capacitance  (ref  8)  Is 
approximated  as 


C 


where  u  is  its  volume.  The  only  additional  parameter  required  In  NET-2 
is  PI,  the  volume.  Here  the  Input  node  is  designated  as  IN.  The  linear 
model  of  the  enclosed  volume  Is  defined  In  NET-2  as  TKL  (TenK  with 
Linear  capacitance). 


Figure  24.  Enclosed  Voline  (Grounded,  Linear  C) 


NET-2  Listing 


OtFlNF 

PI 

P 105 
P  106 
Cl 


Tftl  IN  0 

♦♦♦VOLUME*** 

♦♦♦POLYTROPIC  CGEFf  IC  IEMT * ♦* 
♦♦♦REFERENCE  PRESSURE*** 

IN  0  Pl/IPiC5*Pl06» 
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7.3.6  Enclosed  Volume  Component  (Grounded  Linear  C  Using  Integrated 
Different  lei  Flow) 

In  working  toward  more  complex  models  of  the  enclosed  volumes,  the 
nonlinear  grounded  capacitor  \CNLG  In  section  7-2.4) Is  used.  As  a 
demonstration,  the  linear  capacitance  may  be  introduced  in  the  form: 
(ref  9) 


C 


.£a& 

Ap 


The  schematic  (fig.  25)  shows  that  INTI  is  given  n  gain  of  the 
reciprocal  of  capacitance.  The  .output  of  INTI  is  a  voltage  at  node  HID. 
The  NET-2  listing  for  TKINTL  (TanK  with  INTegrator  and  Unear  capacitance) 
is  also  given  in  figure  25. 


Figure  25.  Enclosed  Volume  (grounded,  nonlinear  C  using 
integrated  flows) 
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7.3.7  Enclosed  Volume  Component  (grounded,  linear,  frequency-dependent 

rcT 

If  the  frequency  dependence  of  the  polytropic  coefficient  in  a 
cylindrical  tank  is  accounted  for  (as  by  Katz,  ref  8),  the  equivalent 
circuit  of  the  enclosed  volume  is  modeled  as  a  grounded  parallel  resistor- 
capacitor  pair.  A  simple  simulation  circuit  (fig.  26)  uses  a  voltage- 
controlled  conductance  (VCGI)  for  the  resistor.  The  capacitance  is  rep¬ 
resented  by  the  linear  grounded  capacitor,  in  the  form  of  the  model  CNLG. 
The  analytic  results  lead  to  the  frequency-dependent  values  of  resistance 
and  capacitance  being  represented  as 


where 


Im  Is  the  Imaginary  part  of  the  argument 
Re  Is  the  real  part  of  the  argument 
J|  Is  the  Ith  order  Bessel  function 

I  is  0,  a  positive  Integer  or  a  negative  Integer 

u  ■  frequency  In  radians  per  sec 

p  ■  Internal  pressure 

Cp  ■  specific  heat  at  constant  pressure 

Y  ■  ratio  of  specific  heats 

k  »  thermal  conductivity 

r  ■  radius  of  the  cylinder 
o 

o  ■  volume  of  the  cylinder 


The  her  and  be!  functions  are  computed  as  series  expansions.  The  functions 
ber  ,  bel  ,  berj,  and  be  I x  are  introduced  at  nodes  I,  2,  3  and  4,  respec¬ 
tively.  The  reciprocal  of  resistance,  1/R,  Is  calculated  at  node  42,  which 
controls  VCG1.  The  reciprocal  of  capacitance,  l/C,  Is  calculated  at  node 
36.  The  value  of  1/C  multiplies  the  integral  of  differential  flow  (the 
output  of  INTI  at  node  17)  In  MULT10.  The  outpuc  of  MULTIO  is  the  voltage 
of  the  capacitor  applied  at  node  11. 

A  listing  of  the  defined  NET-2  routine,  TKFD  (TanK,  Frequency  Dependent) 
Is  also  given  In  figure  26. 
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Figure  26.  Enclosed  Volume  (cylindrical  volunc  with  frequency 

dependence  using  ber-bei  generater  te  control  grounded  RC) 

NET-2  Listing 


JE^ INt 
PI 
Pi 

PlUl 
P  105 
P  106 
PI  3) 


1KFG  IN  HUT  0 
♦♦♦HEIGHT  Of  CYLINDER*** 

♦  ♦•RADIUS  OF  C  YL INDc  R  *** 

*♦*  ♦** 

•  ♦♦RAT  1  (J  GF  SPECIFIC  HEATS*** 
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♦♦♦(MASS  (-tNSIT  YI*(SPECIF  I C  H^AT  AI  P*CUNS Tl M THERMAL 
C  0  N  JU  CTIVITYI*** 


» l 

IN 

1 1 

♦♦♦SMALL 
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RESISTANCE, 
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R  l 

11 

OUT 

*  ** 1 MAL  L 
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RESiSlANCF, 

E.G.,  .301*** 

VCGl 

42 

0 

1  l  0 

1. 

SUHl 

12 

♦  I  N 

-11 

GAIN1 

12 

13 

l./U 

SUM2 

14 

♦  11 

-f'U  I 

GAIN2 

14 

15 

1./4  2 

SUM  J 

16 

♦  13 

-15 

INTI 

lb 

l  7 

l. 

vUl T  1  0 

1  1 

♦  l  7 

♦  Tr 

Continued  on  Next  Page 


***BERO  FUNCTION  GENERATOR  CUNNtCTED'TU  III*** 
***BEI 3  FUNCTION  GENERATOR  CCNNECTcD  TO  I  2  * ♦** 
***BEk 1  FUNCTION  GENERATOR  CONNECTED  TQ  1)1*** 
***b£ 1 1  FUNCTION  GENERATOR  CONNECTED  TO  141*** 
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♦  2 
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22 
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24 

♦  2 

♦  3 
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25 

♦  l 

♦  3 

MULT  6 

2d 

♦  2 

♦  4 
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29 

♦  25 

♦  28 

MUL  T  6 

26 

♦  l 

♦  4 

SUM6 

27 

-24 

♦26 

MULT  7 

37 

-22 

♦  24 

MULT  9 

31 

-22 

♦  27 

GAIN) 

31 

32 

IP  10 6-1 . 1/PIC5*S0RTI2./FRE0I/IP109*P3» 

SUM7 

33 

-33 

♦  38 

VI 

34 

3 

1./P105.  **• SMALL  INTERNAL  RESISTANCE 

E.G.,  .00301*** 

SUMH 

35 

♦  34 

-33 

GAIN4 

35 

41 

P10l*P3**‘2*P  1/P106 

V  2 

43 

3 

1..  ***iMALL  INTERNAL  RESISTANCE. 

E.G.,  .00001*** 

MULT1) 

36 

♦  40 

-41 

GAINS 

37 

38 

IP  105-1. »/P106*SORT12./FREOl/IPlO9*P3> 

SUM9 

39 

♦  32 

♦  38 

GAINb 

39 

42 

2.*Pljl*FREO*lRl3l*P3**?*Pl)/P136 

7.3.8  Bellows  Module  (linear  array  of  C  1  s ) 


The  bellows  module  Is  a  bellows  In  a  small  volume  or  confining  cylinder. 
Its  equivalent  circuit  (fig.  27)  Is  a  PI  network  of  capcltors. 

The  bellows  Is  modeled  as  a  point-to-point  capacitor,  Cj,  expressed 


where  A  Is  the  area  of  the  circular  eod  of  the  bellows  and  k  is  the  spring 
constant  of  the  bellows. 


I 


The  volumes  of  the  chambers  adjacent  of  the  bellows  are  modeled  as 
capacitors,  representing  standard  enclosed  volumes.  Their  linear  descrip¬ 
tion  is  again 


_j_n 

nP„ 


where  u.  is  the  volume  inside  the  bellows  and  u  .  is  the  volume  between 
i  n  out 

the  bellows  and  the  confining  cylinder.  The  bellows  displaces  very  little 

volume,  u  and  u.  .  Hence,  they  are  approximately  constant  in  this 
..out  in 

mode' 

A  NET-2  listing  called  BELLOW  is  shown  in  figure  27.  The  following 
parameters  are  defined:  PI  Is  the  spring  constant  of  the  bellows;  P2  and 
PA  are  the  inner  radius  and  length  of  the  bellows,  respectively;  P5  and  PS 
are  the  inner  radius  and  height  of  the  confining  cylinder,  respectively. 


NET-2  Listing 


JfF I NE 
Pi 
Pi 
P3 
P  4 
Pb 
Pi, 

P10  1 

P  l  3t> 
P  1 06 
CL 

C  2 
C  J 


hflLCw  IN  OUT  0 

♦  ••SPHNG  CUNSTANT  JF  bElLUwS*** 

♦  •• INNEP  KAUIJS  OF  dELLUwS*** 

♦  ♦*CiUTE»  KAOIJS  OF  akLLUWS*** 

♦  ••LENGTH  OF  nElLJkS  *•* 

•••° AOlUS  CF  ZONT AINt R*** 

••♦HEIGHT  OF  CONTAINED*** 

•**  *** 

♦  ••POL  i  TFOP  If.  CDEFFlL  1 1 N  T  ♦  ♦  * 

♦♦•FEFfcKFNCt  PRESSURE*** 

IN  UUT  (P10l*P2**?I**2/Pl 

OJI  3  Pl31*(P5**2*Pt»-P J**2*PAI/IP135*PI 361 

IN  J  PLOi*(P i**2*P4l /IP105*P106) 


7.3.9  Diaphragm  Hodule  (linear  array  of  C's) 

The  diaphragm  module  is  a  circular  membrane  set  between  two  volumes. 
As  in  the  case  of  the  bellows  module,  the  diaphragm  component  (modeled  in 
fig.  28)  is  a  Pi  network  of  capacitors.  The  diaphragm  is  a  point-to- 
point  capacitor  expressed  by  Katz  (ref  6)  as 


Cl 


0.362  r  10/3 
o _ 

(Eh) 1/3 


f(p). 


where  r  ,  E  and  h  are  the  radius,  modulus  of  elasticity,  and  thickness  of 
the  diaphragm,  respectively.  The  factor  f (p) ,  a  nonlinear  function  of  the 
pressure  drop  Ap  across  the  diaphragm,  is  of  the  form 


f(p)  -  Up)'*/3  . 


For  simplicity,  a  linear  constant  average  value  can  be  computed  for  f(p). 

The  volumes  of  the  chambers  adjacent  to  the  diaphragm  are  modeled  as 
enclosed  volumes  that  exhibit  capacitance  of  the  form 


C2 


uout 

npo 
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Cj 


"Po 


where  u,  end  u  .  ere  the  volumes  on  the  output  end  input  sides  of  the 
In  out  r 

diephragm,  respectively.  As  In  the  cese  of  the  bellows  module  (sect  7.3-8), 

volumes  uQut  and  Ujn  are  approximated  as  constants. 

A  NET-2  listing  (fig.  28)  is  called  DPL  (DjaPhragm,  Unear).  The 
following  parameters  are  used:  PI,  P2,  and  P3~are  the  radius,  modulus  of 
elasticity,  and  thickness  of  the  diephragm,  P4  is  the  volume  of  the  adjacent 
chambers,  and  P8  is  the  linearization  factor. 


Figure  28.  Diaphragm  (Pi  network  with  linear  C’s) 


NET-2  Listing 


Jtt-  INC 
PI 
P2 
F  J 
P<* 

P3 

PIU3 
P  1  JO 

Cl 

c<? 

C  3 


CPI  liv  GUT  0 

♦♦♦KAOIUS  CF  JIAPHFAC1*** 

••♦MOUUIUS  .IF  El  AS  T l C  I  T  i  LF  3  I  APM«  AC,***  ♦ 

•  ♦♦THICKNESS  JF  Cl AP  HH  AGM ♦ ♦♦ 

♦  ♦♦VrjlUNE  GF  AUJACENT  CHAN.IH*** 

♦♦♦LINfcAF  IZATION  FACTCIK*** 

•  ♦♦PULVTPnPIC  CUE FF I C 1 EN T* •♦ 

♦  ♦♦PFFERENCt  a«  t  S  SU*  E ♦*  ♦ 

IN  GUT  3.3b2*Pl**ltO./3.l*UP2*P3l**i-l./3.ll*Pi 

GUT  0  P 4 /  I  P  105*P  l  G6  I 
IN  D  P4/ 1  PlCi>*a  I3t>» 
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r?TfiiTC7>p»i*n?rwj»niiPMn«n 


I .  RC  mutator 


In  section  7 - 3 - 9 »  the  linearized  diaphragm  model  DPL  uses  an 
approxlmatldn  for  the  factor  (Ap)"2'3.  For  the  full  nonlinear  version  of 
the  diaphragm  component,  the  nonlinear  point-to-point  capacitor  >nodel  (CNLPP) 
is  used.  The  schematic  of  the  nonlinear  diaphragm  component  is  shown  In 
figure  29.  A  nonlinear  function  of  the  form  (Ap)_2'3is  formed  with  the 
nonlinear  function  generator  FGNL  (using  a  table  look-up). 


The  NET-2  listing  for  the  block,  called  DPNL  (DJaPhragm,  NonLlnear), 
is  given  in  figure  29-  Parameter  P4  Is  the  volume  of  the  chambers  adjacent 
to  the  diaphragm  membrane. 


Figure  29.  Diaphragm  (Pi  network  with  linear  grounded  C's  and 
nonlinear  point-to-point  C  using  type  I  RC  mutator) 
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-7 
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7. 3-11  Laminar  Proportional  Amplifier  (Linear  single-sided) 

Each  fluidic  component  defined  to  this  point  in  NET-2  is  a  passive 
component.  The  simulation  procedures  have  utilized  various  sources  and 
gain  blocks  solely  for  computational  ease.  In  simulating  active  components 
such  as  proportional  amplifiers,  gain  blocks  are  used  as  part  of  the 
physical  circuitry. 

The  schematic  of  the  linear  single-sided  amplifier  (ref  \k)  is 
shown  in  figure  30.  The  model  may  be  used  for  a  one-sided  amplifier  or  a 
push-pull  amplifier  described  in  terms  of  differential  quantities.  The 
values  of  resistances,  inductances,  capacitances  and  gains  are  linear. 

The  NET-2  listing  is  shown  In  figure  30.  This  define  block  is 
called  AMPLS  (AHPI 1  f ier ,  Unear  Ungle-sided) . 
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Figure  30.  Laminar  Proportional  Amplifier  (Linear  Single-sided) 
NET-2  Listing 
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*♦*  VALUE** 
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<• 

5 

♦♦♦ VALUf •* 

L  3 

5 

PUT 
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C  3 

CUT 

0 

♦♦♦VALUE** 

7.3.12 

More  sophisticated  models  of  the  laminar  proportional  amplifier 
have  been  investigated  by  Manion  and  Mon  (ref  14).  In  these  models  of 
the  amplifier  (fig.  31).  the  major  complexities  that  are  added  to  the 
linear  model  are  :  (1)  nonlinear  vent  components--RNLVl ,  RNLV2,  LNL1 , 

and  LNL2,  (2)  a  jet  pos i t ion  generator,  (3)  entrainment-flow  generators, 
and  (4)  signal  saturation  generators. 

Considering  the  upper  half  of  the  symmetric  schematic,  the  voltage 
at  node  12  (control  region  pressure)  sets  the  jet  position  at  nodes  31, 
32  and  33-  Amplifier  gain  Is  controlled  by  multiplying  nodes  31  and  12 
in  MULT I 1 .  The  jet  position  controls  the  entrainment-flow  generator 
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connected  to  node  12.  The  jet  position  also  sets  node  33.  to  which  satur¬ 
ation  characteristics  are  applied  to  give  the  nonlinear  vent  resistance  and 
inductance,  which  are  set  at  nodes  15  and  16  respectively.  The  lower  half 
Is  treated  similarly.  A  NET-2  listing  is  given  in  figure  31  for  this 
block,  defined  as  AMPNL  (AMP1  If ler .  NonUnear). 


Figure  31.  Laminar  Proportional  Amplifier  (Nonllnecr  two  sided) 


NET-2  Listing 
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7.  A  Networks  In  NET-2 

With  the  flexib  III ty  of  expressing  the  nonlinearities  for  both 
the  passive  and  active  components  in  NET-2,  It  is  possible  to  analyze 
and  to  design  fluidic  network  configurations.  When  the  real  fluidic 
devices  are  modeled  accurately,  the  computer  studies  are  very  mean¬ 
ingful.  A  significant  feature  of  NET-2  is  the  modular  hlerarcy  of 
components  built  fro?  circuit  elements,  simulation  elements,  defined 
models  and  stored  models  (Including  fluidic  models).  All  of  the 
elements  and  models  described  in  sections  7 - 1  *  7*2  and  7*3  can  be 
used  in  modeling  more  complex  fluidic  components  and  systems. 

7. A.  1  Circuit  Analysis  In  NET-2 

To  complete  the  NET-2  programming  picture  for  fluidic  analysis, 
the  means  of  setting  up  frequency-response  and  transient-response 
programs  must  be  described. 

7. 4. 1.1  Frequency  Response  In  NET-2 

A  frequency-response  program  in  NET-2  Includes  a  listing  of  each 
element  and  each  model.  The  required  frequency-response  calculations 
for  a  circuit  are  described  in  STATE  solutions  of  the  form: 

STATER 

FREQ  f,  (fn)  f2 

PRINT  A(a-b  /  c-d)  B(a-b  /  c-d)  Y(a-b  /  c-d)  Z(a-b  /  c-d) 

PLOT  A(a-b  /  c-d)  B(a-b  /  c-d)  Y(a-b  /  c-d)  Z(a-b  /  c-d) 

where  fj  is  the  Initial  value  of  frequency, 
f2  is  the  final  value  of  frequency, 

f  is  the  number  of  equally  spaced  intervals  between  f,  and  f_, 
n  I  L 

A  is  the  complex  voltage  gain  to  be  output, 

B  is  the  complex  current  gain  to  be  output, 

Y  is  the  admittance  to  be  output, 

Z  is  the  impedance  to  be  output, 

a,  b  are  the  differential  output  node  pair  (node  a  is  referenced 
to  node  b) , 

c,  d  are  the  differential  input  node  pair  (node  c  is  referenced 
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to  node  d) , 

s  is  the  number  assigned  to  the  state  solution. 

7. k. 1.2  Transient  Response  in  NET-2 

For  transient  response,  the  NET-2  program  also  includes  a  listing 
of  each  element  and  each  model.  A  transient  signal  generator  of  the 
form  VI  (below)  is  used  as  a  driver.  Additional  statements  include 
MAXSTEP  and  TERMINATE.  The  form  of  the  STATE  solution  for  transient 
response  is: 

VI  I  0  f (TIME) 

MAXSTEP  (the  maximum  size  of  the  integration  step) 

TERMINATE  (an  algebraic  expression  in  an  independent  or  a  dependent 
variable,  which  when  reached,  stops  the  transient  response 
calculation) . 

STATES 

TIME  t,  (tn)  t2 

PRINT  N(n)  V(v)  l(i)  Rm  Cm  Lm 

PLOT  N(n)  V(v)  l(i)  Rm  Cm  Lm 

where  f(TIME)  is  the  value  of  the  voltage  (or  current)  from  the  transient 
signal  generator 

tj  is  the  initial  value  of  time, 
t2  is  the  final  value  of  time, 

t  is  the  number  of  equally  spaced  intervals  between  t,  and  t., 
n  i  i 

N(n)  is  the  node  voltabe  n  to  be  output 
V(v)  is  the  voltage  of  element  v  to  be  output, 

1(1)  is  the  current  of  element  i  to  be  output, 

Rm  is  the  resistor  value  to  be  output, 

Cm  is  the  capacitor  value  to  be  output, 

Lm  is  the  inductor  value  to  be  output, 
s  is  the  number  assigned  to  the  state  solution. 
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7. 4. 1.3  Sine  Generator 

In  several  of  the  experimental  studies  related  to  these  computer 
studies,  the  test  signal  Is  a  sinusoid  of  finite  amplitude.  A  sine 
wave  driver  In  NET-2  is  shown  below: 

P10I  3- 1AI 59 

PI  10  (Input  pressure  amplitude) 

Pill  (Input  frequency  In  Hz) 

VI  1  0  PI  10*  (S I N (2 . *P 101  *  Pill  *  TIME  +  .  #001)) 

The  te~  i  .000!  is  addH  to  facilitate  the  Initial  calculations  at 
TIME  -  0. 

7 . k . 2  Fluidic  Network  Design  In  NET-2 

Both  frequency-response  and  trans lent-response  programming  procedures 
in  NET-2  have  been  discussed  above.  Much  of  the  power  of  NET-2  as  u 
circuit  response  program  lies  in  Its  capability  of  handling  design 
problems,  including  those  arising  in  fluidics.  All  elements  and  models 
(including  the  fluidic  models  developed  In  sect.  7-3)  are  available  for 
designing  fluidic  networks. 

In  design  problems  not  only  are  circuit  responses  computed,  but 
also  forms  and  values  of  the  circuits  are  selected  to  give  the  best 
performance  of  the  configuration  as  specified  in  the  design  requirements 
The  NET-2  design  approach  is  couched  in  terms  of  OPTIMIZE  routines.  The 
form  of  OPTIMIZE  is 

OPTIMIZEn 

STATE 


OBJ  -  f  VS  CURVEm  I. 


where  f  is  the  function  to  be  compared  to  a  specified  data  curve, 

g.  is  the  parameter  or  variable  to  be  chosen  in  minimizing  the 
objective  function, 

a.  is  the  lower  limit  of  the  value  of  the  variable  g., 

b.  is  the  upper  limit  of  the  value  of  the  variable  g ^ , 

n  is  the  number  assigned  to  the  optimize  solution, 
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m  Is  the  number  assigned  to  the  specified  data  curve. 

By  first  specifying  the  form  (topology)  of  the  circuit  and  its  values, 
one  or  more  parameters  or  variables  may  be  selected  (through  specifications 
in  the  OPTIMIZE  procedure)  to  extremize  the  required  design  characteristics. 

7 .**.3  Simple  Fluidic  Networks  In  NET-2 


Several  passive  fluidic  networks  are  being  investigated  in  the 
laboratory.  Their  experimental  responses  are  being  compared  to  the 
calculated  responsrs  from  NET-2  models  described  for  several  components. 
NET-2  programs  for  ix  simple  configurations,  using  only  simple  models, 
are  described  In  the  following  sections.  A  summing,  (fig.  32),  a  distribu¬ 
tion  junction,  (fig.  33)  •  a  lag  circuit  (fig.  3*0,  two  lead  circuits  (figs. 
35  and  36) i  and  a  lag-lead  circuit  (fig.  37)  are  presented. 

A  line  drawing  of  each  of  the  simple  test  configurations,  along  with 
simple  equivalent  circuits,  and  partial  NET-2  llsti  gs  are  given  (figs. 
32-37).  The  simple  equivalent  circuits  for  the  passive  components  of  each 
conf  guration  and  the  selected  NET-2  models  are  tabulated  below. 


Fluidic  Component 

Equivalent  circuit 

NET-2  model 

(1) 

Capi 1  lary 

Resistor 

T’jblDYnnwi  th 
PI  07-0,  1 

(2) 

Summing  junction 

Grounded  capacitor 

TKLn 

(3) 

Distribution  Junction 

Grounded  capacitor 

TKLn 

(M 

Enclosed  volume 

Grounded  capacitor 

TKLn 

(5) 

Bel  lows  module 

P i  network  of 
capacitors 

3ELL0Wn 

(6) 

Diaphragm  module 

Pi  network  of 
capacitors 

DPLn 

(7) 

Signal  generator 

Voltage  source 

Vn 

It  should  be  noted  that  the  capacitors  denoted  as  and  C,.  (figs. 
35,  36,  and  37)  are  in  direct  shunt  across  the  pressure  source.  These 
capacitors  appear  as  part  of  the  pressure  source  generator.  These 
capacitors  must  be  eliminated  from  the  computation.  Capacitance  values 
for  C.  and  C_  are  therefore  set  to  zero  in  the  models  of  TKln,  BELLOWn, 
and  D®ln.  -* 

8.  Limitations  of  the  Computer  Approach 

The  limitations  of  the  computer  approach  described  in  this  paper 
fall  into  two  classes:  (1)  limitations  in  synthesizing  an  equivalent 
circuit,  and  (2)  limitations  in  sing  the  digital  computer  to  determine 
the  response  of  the  equivalent  circuit. 


65 


SUMMING  JUNCTION 


Figure  32a.  Test  Configuration  of 
Summing  Junction 


Figure  32b.  Simple  Equivalent  Circuit 
of  Summing  Junction 


Partial  NET-2  Listing 


♦  SUMMING  JUNCTION  -  PARTIAL  LISTING 

V1  l  0  ♦♦♦VALUE  OF  AMPLITUDE  OF  PRESSURE  SlGNAL-l^* 

v2  20  ♦♦♦VALUE  OF  AMPLITUDE  OF  PRESSURE  SIGNAL-2‘** 

TUHEDVl  1  3  0 

TUBE0Y2  230 

TKLl  3  3 

TUBE0Y3  300 

PARAMETER 

TUBEDYL.P107  1 
TUBEOY2.P137  l 
TUBE0Y3.P107  1 
DEFINE  TUBECY  IN  OUT  3 

Rl  IN  MID  B.*p  133*P2/(P13^PI**AAP3> 

LI  MID  GUT  PlOb^Pl02*P2/(PlOl*Pl^*2*P3)*Pl07 

Cl  CUT  0  PlOl*Pl**2*P3/IP105*Pl06l*Pl«)7 

DEFINE  TKL  IN  0 

Cl  IN  0  P l/I  P105*P 1061 

ENO 


DISTRIBUTION  JUNCTION 


Figure  33a.  Test  Configuration  of  Figure  33b .  Simple  Equivalent  Circuit 

Distribution  Junction  of  Distribution  Junction 


Partial  NET-2  Listing 


>  JlSMIbJlION  Jul«C  T  1  -  PARTIAL  LI  SUN'*, 

„/|  l  0  ***VALUF  >  AMPLITUDE  OF  Ptff'SbUWfc  SIGNAL*** 

rU'UDVl  l  ?  0 

uli  i  o 

r  U‘5  f  iJ  V  ^  i  3  0 

i  u 1 » r  iv  3  i  o  o 

AMI  T c  w 

lltv.Ufl  .P107  l 

t  UBE  DV2 • P 1 0  7  1 

IJiii.JY3.PlC7  l 

Jf  F  INF  IJRLDV  IN  C'J  I  J 

IN  HID  a.*3  103*P2/I  PlOl*Pl**<i*Pi» 

LI  KID  OUT  Pl(  «*PlO('*P>/|PlOl*Pl**<'*P  J)*P107 

LI  CUT  J  Pl0l*Pl**2*P3/IPlO5*Pl0i>l*Pli)7 

Jl.rlNt  TKL  IN  J 

LI  IN  0  Pl/I  PlCt>*Pin6l 

cU  ) 


LAG  NETWORK 


Figure  Ika.  Test  Configuration  of 
Lag  Network 


Figure  3^b.  Simple  Equivalent  Circuit 
of  Lag  Network 


Partial  NET-2  Listing 


*  LAG  NETWORK  -  PARTIAL  LISTING 

VI  l  0  *** V  ALUE  OF  AMPLITUDE  OF  PRESSURE  SIGNAL*** 

TUHEDVl  1  2  0 

TKL2  2  3 

TKLl  2  0 

TUBEDY2  200 

TU3E0VI  200 

PARAMETER 

TUBEUYI.P107  l 

TUBEOV2.PI37  l 

TUHEDY  3 .P 107  l 

DEFINE  TUBEOY  IN  OUT  0 

«l  IN  MIU  8.*P 1U3*P2/(P101*PI**A*P3I 

LI  MID  UUT  PI09*P102*P2/IP l Ol*P I**2*P3 ) *PL 07 

Cl  OUT  0  P101*PI**2*P371P105*P106»*P107 

DEFINE  TKL  IN  0 

Cl  IN  0  Pl/I PIC5*P 1061 


LEAD  NETWORK  USING  BELLOWS  COMPONENTS 


Flg'.i?*  T5a.  Test  Configuration  of 
Lead  Network  wl  th 
Bel  lows 


Figure  35b.  Simple  Equivalent  Circuit 
of  Lead  Network  v/i  th 
Bellows 


Partial  MFT-2  .isting 


*  LUj  NM  wC** 
VI  10 

1  L  I.  I  l  2 

f  K  L  l  2  0 

lujLfjri  2  j 

1UUUY2  2  0 

^AQAMETFM 

ami-  rc « 


PAM  I  AL  LISTING 

***VALUF  3  F  AMPLITUDE  OF  PPfSsUtE  SIGNAL*** 

U 

3 

C 


rubum  ,pio7  i 

rjHE.jY2.Pl07  l 


OFF  INF 

T  -J U €  Of 

IN  OUT  3 

«1 

1  N 

MU 

6.*  *  103*1*2  /IP  101  *Pl**4*P3l 

L  l 

M  ID 

nui 

Pl3:l*Pl02*P2/(Pl3l*Pl**2*Pj)*PlO7 

Cl 

OUT 

0 

PlOl*Pl**2*P3/IPl35*Pl3ol*P137 

UEP 1Mb 

TKL 

IN  0 

C  l 

1  N 

0 

Pl/I  P  ICI>*P  106) 

)fc(-  INF 

MELLOw 

IN  our  3 

Cl 

1  x 

our 

IP  13 l*P2**21**2/Pl 

C  2 

LUT 

3 

P101*(P5**2*P6-P3**2*P4)/IP105*P106) 

C  3 

IN 

0 

PlOl *IPi**2*P4) / IPl JS*Pl 3u) 

LNl) 


LEAD  NETWORK  USING  A  DIAPHRAGM  COMPONENT 


Figure  36a.  Test  Configuration  of 
Lead  Network  with 
Di aphragm 


Figure  3&b.  Simple  Equivalent  Circuit 
of  Lead  Network  with 
Di aphragm 


Partial  NET-2  Listing 


*  Lt  AU 

NETWORK  USI 

1NG  DIAPHRAGM  COMPONENT  -  PARTIAL  LISTING 

'•l 

l 

3 

***Y  ALUE  OF  AMPLITUDE  OF  PRESSURE  SIGNAL*** 

JPL  l 

l 

2 

f  KL  l 

2 

0 

rUBEDfl 

2 

3 

3 

tubedv2 

2 

0 

0 

PARAMETER 

l 

TUBEDY 1 .P 107 

l 

TUBEDY2  .P  107 

l 

DEFINE 

TUBEDY 

IN  OUT  0 

Rl 

IN 

MID 

8.*P10J*P2/(P101*PI**4*P3I 

LI 

Hin 

OUT 

P108*P102*P2/(P131*PI**2*P3I*P13T 

Cl 

out 

3 

PlOl*Pl**2*P3/IP 105*P106I*P10T 

JEFINE 

T  KL 

IN  3 

Cl 

IN 

0 

P l / 1 P I05*a  1061 

DEFINE 

OPL 

in  our  0 

Cl 

IN 

(JUT 

3. 36 2*P 1**1  10./ 3. 1*1 IP2*P3l**(-l./3.l »*PB 

C  2 

OUT 

0 

P4/I P105*P 136) 

C3 

IN 

0 

P4/IP105*P106» 

END 


ftHUNTtf* 
CAM.  1  MCI 
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Figure  37a.  Test  Configuration  of 
Lag-Lead  Network 

Partial  NET-2  Listing 


Figure  37b.  Simple  Equivalent  Circuit 
of  Lag-Lead  Network 


l  L  t 

A  i ; 

\Llr..Jt-t>.  USIf.j  Jt- L  L 

US  E  f> i y N t  vT 

-  PAW  I  l  ,»L  L  1  S  T  I  Mi 

VI 

l 

3  ♦  **  V  ALUt  r:.t 

A'^L  1  TUut  OF 

PkESSUU  3  1  UNA  l  *  *  * 

1  <1  t 

1 

0 

rtf  l  L  .wl 

l 

2  C: 

r  j  >i  jy  3 

l 

c 

T*C  1 

i 

3 

fuPtlJY  l 

2 

u  0 

TU-tfcOY? 

J  A‘J  AME  T  1  K 

2 

3  3 

TURfcJY I.PIU7  l 

T'luf  IJY  c  .P  IU  7  l 


f  UHL  i) Y  3 . P  l  J7  l 


JtF  IM 

r JREUV 

I  N  (JUT  U 

Kl 

IN 

mih 

&.*tM33*P2/IPl0l*PL**4*P3) 

LI 

MID 

(iur 

Pl3i*P132*P2/(P13l*Pl**2*P3)*Pl37 

Cl 

1/ JT 

0 

PlOl*Pl**2*P3/l  P 105*P136)*P107 

)EF  INI 

TKL 

IN  0 

Cl 

IN 

0 

PlHPlZb*0 1361 

JEF I Nfc 

btlL'Jk 

IN  JUT  0 

Cl 

IN 

OUT 

IP101*P2**2)**2/P  l 

C2 

CUT 

3 

P13l*IP5**2*P6-P3**2*P4)  31PI  JWl  36) 

Ci 

IN 
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It  is  Important  to  recognize  that  fluidic  configurations  of  current 
Interest  may  not  have  completely  equivalent  electrical  analogs.  It  is 
equally  Important  to  see  that  equivalent  circuits  describe  a  significant 
range  of  components  with  adequate  accuracy.  However,  the  mathematics, 

In  many  cases,  become  nonlinear. 

Limitations  within  digital  computation  may  be  defined  as 

(1)  Inability  to  obtain  a  solution  -  a  limitation  that  depends  on 
on  the  form  of  the  nonlinear  equations  and  the  Iteration  routines  to 
assure  convergence  in  each  solution. 

(2)  Inability  to  obtain  accurate  solutions  -  a  limitation  that 
depends  on  the  error  generated  In  each  iteration.  Since  errors  can 
occur  with  each  calculation,  depending  upon  the  use  of  one  solution  In 
performing  the  next,  errors  can  be  greatly  compounded  as  solutions  are 
computed  point  by  point.  Simultaneous  solutions  at  each  point  avoid 
this  limitation. 

(3)  Allowable  forms  of  circuit  models  -  a  limitation  In  the  type 
of  analytic  and  experimental  models  that  may  be  Introduced  into  the 
equivalent  circuit  format.  To  avoid  this  limitation,  it  may  be  necessary 
to  simplify  the  form  of  the  model  so  that,  computational  techniques  may 

be  app) led. 

(I»)  Form  of  response  -  a  limitation  In  the  response  of  certain 
programs.  A  circuit  analysis  program  must  be  selected  to  calculate 
the  desired  form  of  response;  i.e.,  (a)  steady  state  or  dynamic, 

(b)  time-domain  or  frequency-domain. 

(5)  Difficulty  in  programming  -  a  limitation  that  might  dictate  the 
program  used.  Some  cons iderat Ions  include  (a)  writing  correct  circuit 
equations  or  interconnecting  the  elements  correctly  for  circuit  analysis, 
(b)  writing  parametric  equations  or  numerical  values  for  elements,  and 
(r)  writing  functional  forms  or  computing  the  forms. 

The  limitations  that  relate  to  the  digital  computer  may  eventually 
be  eliminated  or  avoided  by  incorporating  both  greater  computational 
capability  and  user-oriented  flexibility  into  existing  programs. 

Cost  is  of  primary  importance  when  developing  solutions  valid 
oyer  all  ranges.  Keeping  the  cost  in  mind,  it  is  usually  necessary  to 
trade  off  the  complexity  of  the  model  against  the  accuracy  of  the  response. 

9.  Conclusions 


Electronic  equivalent  circuits  can  be  adapted  to  represent  many 
of  the  fluid) c  ci rcul ts  in  the  current  ranges  of  interest.  Circuit 
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synthesis  procedures  are  readily  available  for  carrying  an  analytical 
or  experimental  model  over  Into  an  equivalent  circuit. 


The  available  computer  technology  presents  two  types  of  computer 
programs--one  for  solving  circuit  equations  and  one  for  performing 
circuit  analysis.  Studies  reported  in  this  paper  have  been  based  on 
DSL/90  as  an  example  of  a  program  to  solve  circuit  equations,  and  on 
SLIC  and  NET-2  to  perform  circuit  analysis. 

This  paper  is  mainly  a  catalog  of  computer  models  that  have  been 
incorporated  into  fluidic  versions  of  SLIC  and  NET-2.  Because  of  the 
allowable  sophistication  In  NET-2,  most  of  the  computer  models  have 
been  developed  for  NET-2. 

If  a  problem  is  run  with  overly  sophisticated  models,  the  cost 
may  not  be  warrented.  The  accuracy  of  the  solution  (a  function  of  the 
sophistication  of  the  model)  must  be  traded  off  against  cost.  The  added 
accuracy  of  the  solution  should  be  used  as  a  criterion  to  justify  the 
cost  of  selecting  sophisticated  circuit  models. 

At  present  no  technique  has  been  attached  to  the  response  errors 
that  are  generated  when  solutions  are  not  computed  simultaneously. 

But,  in  general,  a  lack  of  simultaneity  of  solution  can  be  disastrous; 
i.e.,  solutions  are  not  valid.  NET-2  Is  the  only  one  of  these  programs 
that  insures  solution  simultaneity. 

Observing  cost,  model  complexity,  types  of  solutions,  optimization, 
and  ease  of  programming  the  following  conclusions  are  made  for  SLIC, 

NET-2,  and  DSL/90.  NET-2  is  the  most  costly  program,  while  SLIC  Is  the 
least  costly.  Both  NET-2  and  DSL/90  can  handle  the  most  complex  problems. 
SLIC  handles  only  steady-state  dc  and  ac  problems.  DSL/90  handles 
nonlinear,  transient  studies.  NET-2  treats  nonlinear,  transient  studies 
as  well  as  steady-state  dc  and  steady-state  ac  problems.  NET-2  is  thr 
only  one  of  the  three  that  can  locate  optimum  solutions  within 
specified  parameter  ranges. 

Because  of  their  sel f -organ i z ing  capabilities,  the  two  circuit 
analysis  programs,  SLIC  and  NET-2,  are  far  easier  to  program.  DSL/90 
is  not  self-organizing.  Fluidic  expressions  for  such  parameters  as 
resistance,  capacitance,  inertance,  or  gain  can  be  readily  entered 
into  Loth  NET-2  and  DSL/90.  Numerical  values,  Instead  of  expressions, 
must  be  entered  for  SLIC. 

When  all  of  these  points  are  considered,  the  following  uses  of 
the  three  programs  are  visualized: 
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'  Use  SLIC  for  simple,  linear  or  nonlinear,  dc  or  ac  analyses. 

1  Use  DSL/90  for  simple,  nonlinear  transient  analyses  when  the 
form  of  the  model  does  not  easily  fit  into  a  circuit  analysis 
program. 

’  Use  NET-2  when  sophisticated  nonlinear  problems  are  represented 
in  the  framework  of  circuit  analyses.  However,  keep  in  mind 
that  NET-2  may  be  too  costly  for  many  simpler  problems. 

Within  the  framework  of  circuit  analysis,  this  paper  serves  as 
a  handbook  for  implementing  computer  solutions  for  amplitude-dependent 
and  frequency-dependent  fluidic  equivalent  circuits.  In  conjunction 
with  users'  manuals  for  DSL/90,  SLIC,  or  NET-2,  this  paper  makes  it 
possible  to  readily  program,  solve,  and  design  many  complex  fluidic 
circuit  configurations  of  current  Interest. 
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ABSTRACT 


This  paper  summarizes  circuit  models  of  passive  pneumatic  fluidic 
components,  and  demonstrates  the  feasibility  of  a  circuit  approach  for 
designing  passive  fluidic  control  system  circuits.  It  is  a  first  attempt 
at  tying  passive  fluidics  device  research  to  actual  hardware  design. 

Starting  with  a  set  of  fluidic  components--capi  I  laries,  enclosed 
volimes,  bellows  modu'es,  and  diaphragm  modules--cl  rcui t  models  are 
synthesized  from  an  analytical-experimental-computational  approach. 
Simple,  ideal  electronic  circuit  models  that  are  linear  and  frequency 
independent  are  extended  to  models  that  are  nonlinear  and  frequency 
dependent.  These  circuit  models  are  described  by  analytic  expressions. 
Relative  errors  arising  from  model  simplifications  are  also  expressed 
analy  t  i  cal  ly. 

A  few  test  configurations  were  built  and  their  responses  were 
measured  using  existing  har<Kvare.  Simulation  for  these  configurations 
was  performed  with  digital  computer  programs.  Comparisons  between  the 
test  data  and  simulated  models  were  made  and  qualitatively  evaluated; 
these  data  were,  generally,  in  agreement  over  the  ranges  tested. 

The  most  often  selected  linear  models  in  the  studies  to  date 
include  RLC  models  of  the  capillary  (with  an  experimentally  measured  d-c 
resistance)  and  frequency-dependent  models  of  capacitance  and  inductance. 

A  seven-step  design  approach,  based  on  a  catalog  of  available  ci rcui 
models,  is  presented  for  passive  fluidic  circuits. 

The  study  described  in  this  paper  deals  with  several  fluidic 
components,  connected  in  simple  junction  and  compensation  arrays.  Com¬ 
parisons  of  simulated  and  experimental  frequency  responses  on  limited 
a-c  testing  over  specific  frequency  ranges  are  given.  Frequency  ranges 
are  given  in  which  the  magnitude  ratio  of  the  simulated  response  is 
within  *10  percent  of  the  experimental  response  and  in  which  the  phase 
difference  for  the  simulated  response  is  within  *10  deg.  of  the  experi¬ 
mental  response. 


ACKNOWLEDGEMENTS 


The  author  expresses  his  gratitude  to  the  following  Individuals: 

Prof.  Karl  N.  Reid,  Jr.  (Oklahoma  State  University)  and  Albert  I. 
Talkin  for  proposing  and  encouraging  these  studies. 

Ken j 1  Toda  for  helping  to  design  the  experimental  hardware  and 
helping  to  specify  the  experimental  equipment. 

Robert  0.  Talbot  for  assisting  In  the  design  and  constructing 
the  experimental  hardware. 

Dyrull  V.  White  for  assisting  in  checking  out  and  calibrating  the 
equipment  and  for  running  the  tests  on  some  experimental  configurations. 


LIST  OF  FIGURES 


Page 


1.  Static  equivalent  circuit  model  of  capillary  . 

2.  Simple  dynamic  equivalent  circuit  models  of  capillary  . 

3.  Simple  loaded  dynamic  equivalent  circuit  mouels  of 

capillary  . 

I*.  Simple  dynamic  equivalent  circuit  models  'or  bundles  of  N 
parallel  capillaries  . 

5.  Equivalent  circuit  model  of  simple  enclosed  volume  . 

6.  Equivalent  circuit  of  frequency  dependent  cylindrical 

volume  . . . 

7.  Frequency  dependent  resistance  and  capacitance  for  enclosed 

cy 1 i nder  . 

8.  Simple  equivalent  circuit  model  ror  bellows  module  . 

9.  Sophisticated  equivalent  circuit  model  for  bellows  module  .. 

10.  Simple  equivalent  circuit  fo  diaphragm  module  . 

11.  Sophisticated  equivalent  circuit  for  diaphragm  module  . 

12.  Simple  equivalent  circuit  for  pneumatic  node  . 

13-  Passive  summing  junction  in  system  . 

11*.  Passive  summing  junction  . 

15.  Simple  equivalent  „i  rc  it  for  passive  summing  junction  . 

16.  Passive  distribution  junction  in  system  . 

17.  Simple  equivaljnt  circuit  for  passive  distribution  junction. 

18.  Static  test  jtand  . 

19-  Static  calibration  curves  for  capillaries  . 

20.  Schematic  of  AC  test  stand  . 

21.  Shaker  table  signal  generator  . 

22.  Speake>  cone  signal  generator  . 

23-  Straight  microphone  probe  holder  . 

2**.  iee  microphone  probe  holder  . 

25-  Simple  equivalent  circuit  of  passive  summing  junction  . 

?j.  Modified  air  cylinder  as  an  enclosed  volume  . 

27.  Improved  enclosed  volume  . 

28.  Test  configuration  for  passive  summing  junction  . 

29-  Bode  plot  for  summing  junction  . 

30.  Simple  equivalent  circuit  of  passive  distribution 

junction  . . . 

31.  Test  conf;  jurat icn  for  passive  distribution  junction  . 

32.  Bode  plo:  for  distribution  junction  . 

33-  Phase  lead  compensation  . 

3l*.  Phase  lag  comoensation  . 

35.  Lag- lead  compensation  . 

36.  Schematic  of  simple  lag  network  . 

37-  Test  configuration  for  lag  network  . 

33.  Resistive  circuit  model  of  experimental  lag  network  . 

39-  Resistive  and  inductive  circuit  model  of  experimental  lag 

network  . 

1*0.  Added  linearized  phase  shift  in  lag  network  . 


80 


Pag 

1*1  .  Bode  plot  for  lag  network  . 

1*2.  Schematic  of  simple  lead  network  . 

1*3-  Fluidic  lead  network  with  bellows  module  . 

1*1*.  Circuit  of  experimental  lead  network  . 

1*5.  Bellows  . 

1*6.  Bellows  Module  . . . . . 

1*7-  Bode  plot  for  lead  network  with  bellows  . . . 

1*8.  Schematic  of  simple  lag-lead  network  . 

1*9.  Fluidic  lag-lead  network  with  bellows  module  . 

50.  Circuit  of  experimental  lag- lead  network  with  bellows 

module  . 

51.  Bode  plot  for  lag-lead  network  with  bellows  . 

52.  Fluidic  lead  network  with  diaphragm  module  . 

53-  Di aphragm  module  . 

5 1* .  Circuit  of  experimental  lead  network  with  diaphragm  module  . 

55*  Bode  plot  for  lead  network  with  bellows  . 

56.  Flow  chart  for  design  approach  . . . 


81 


LIST  OF  TABLES 


Page 


I.  Lead  Network  Response  . 

II.  Percentage  Changes  from  Simple  Linear,  Frequency  Independent 

Lead  Network  . 

III.  Lag-Lead  Network  Response  . . . 

IV.  Percentage  Changes  from  Simile  Linear,  Frequency  Independent 

Lag-Lead  Network  . 

V.  Error  Ranges  for  Models  of  Subsystems  — lOpercent,  10  deg  .. 


NOMENCLATURE 


K 

K 


1 

2 


l 

L 

n 

N 


P 


Ap 

P. 

i 

P 

o 

P 

on 

Q 

AQ 


r 

o 

R 

R 

Re 

s 

t 

T. 

i 

AT 


area  (m2) 

capacitance  (m4  sec2/kg) 

specific  heat  capacity  at  constant  pressure  (m2/sec°C) 
diameter  (m) 

frequency  dependent  energy  dissipation  (kg/m4  -sec) 
modulus  of  elasticity  (kg/m  sec2) 
force  (kg  m/sec2) 

gain  in  transfer  functions  (section  7-0  (*) 

magnitude  ratio,  or  gain  (-) 
height  or  thickness  (m) 

Imaginary  part  of  a  function 
Bessel  function  of  nth  order 

spring  constant  (kg/m2  sec2) 
constant  in  equation  (5.1)  (m4  sec/kg) 

constant  in  point-to-point  capacitance  of  diaphragm  defined 
in  equation  (39)  (m4  sec2/kg) 

constant  for  capillary  in  sensitivity  analysis  (section  7- 3 - 2 ) ( Pa) 

constant  for  enclosed  volume  in  sensitivity  analysis 
(section  7-3-2)  (kg/m5) 
lenath  (m) 

inductance  (inertance)  (kg/m4) 

polytropic  coefficient  (-) 

number  of  tubes  in  a  capillary  module  (-) 

Reynolds  number  N  *  (— )  x  (characteristic  dimension) 

K  V 

static  pressure  (Pa) 
pressure  fluctuation  (Pa) 

pressure  drop  (Pa) 

input  pressure  (section  7-0  (Pa) 

output  pressure  (section  7-1)  (Pa) 

ambient  or  reference  pressure  (Pa) 

volune  flow  (m3/sec) 
net  volume  inflow  (m3/s  ec) 
radius  (m) 

radius  of  diaphragm  (m) 
resistance  (kg/m4 sec) 

universal  gas  constant  (kg  m2/scc2  -  mole-°K) 

real  part  of  a  function 

Laplace  variable  (1/sec) 

time  (sec) 

time  constant  (sec) 

average  temperature  change  (°K) 


u 

V 

bV 

w 

X 

X, 


velocity  (m/sec) 
vo  line  (m3) 

added  volume  as  a  result  of  deflection  (m3) 
width  of  chamber  in  enclosed  pneumatic  volume  (m) 
deflection  (m) 

capacitive  reactance  (kg/m4-sec) 
inductive  reactance  (kg/m4-sec) 
admittance  (m4  sec/kg) 


Greek  Symbols 

a  ■  ~\J 


up  c 


r  (defined  in  equation  (3- 20d) )  (-) 


y 

r 

K 

X 

V 

V 

P 

u 


ratio  of  specific  heats  (-) 

ratio  of  weights  of  input  signals  to  summing  Junction  (-) 

thermal  conductivity  (kg  m/sec2-  °C) 

factor  in  inertance  (section  3.1)  (“) 

dynamic  viscosity  (kg/m  sec) 

kinematic  viscosity  (m2/sec) 

mass  density  (kg/m3) 

phase  difference  (°) 

frequency  (Hz) 


Subscripts 

dl 

-  decibel ,  e.g. ,  G 

i 

input 

l 

linear 

L 

load 

max 

-  maximum 

n 

-  node 

N 

-  number 

n£ 

-  non  1 i near 

o 

-  output 

V 

volume 

db 


1.  INTRODUCTION 


In  its  simplest  form,  a  fluidic  system  is  conceptually  identified 
as  an  array  of  interconnected  flow  paths  within  rigid  or  semirigid  walls. 
Mathematical  models  for  analysis  and  design  of  fluidic  systems  are  based 
on  this  concept  tempered  by  well*chosen  assumptions. 

In  general,  flow  paths  in  the  overall  fluidic  system  are  conceptu¬ 
ally,  if  not  physically,  divided  into  a  set  of  connected  system 
components  including  capillaries,  orifices,  tanks  and  other  enclosed 
volumes,  bellows,  diaphragms,  lines,  transmission  lines,  junctions, 
area  changes,  amplifiers  and  sensors.  Many  mathematical  models  of 
these  components  have  been  analyzed  previously  In  the  context  of  both 
an  internal  flow  field  approach  from  fluid  mechanics  (ref  1  through  8) 
and  a  black-box  approach  from  systems  analysis  (ref  9,  10)'. 

In  either  a  fluid  mechanics  or  black-box  approach.  Individual 
component  models  are  synthesized  to  demonstrate  first-order  effects 
(and  perhaps  higher) in  each  component.  Usefulness  of  the  models  rests 
in  the  ability  of  engineers  to  describe  physical  processes  over  sufficient¬ 
ly  wide  operating  ranges  so  that  each  model  can  accurately  predict  the 
response  of  the  physical  component  that  it  represents. 

In  the  fluid  mechanics  approach,  the  general  governing  equations 
may  be  applied  to  fluid  processes  in  special  cases  such  as  potential 
flow,  viscous  flow,  acoustics,  gas  dynamic:,  or  jet  flow.  In  such 
cases,  the  predominant  fluid  processes  are  isolated  by  applying  appropri¬ 
ate  simplifying  assumptions  and  boundary  conditions. 

In  a  systems  approach  (ref  l),  a  complicated  fluidic  system 
is  resolved  into  simpler  components;  each  individual  component  is  modeled 
as  a  black  box  (by  isolating  it  to  determine  its  output  as  a  function 
of  a-bitrary  inputs);  and  then  the  individual  component  models  are 
recombined  to  describe  the  total  system. 

Despite  rather  extensive  academic  fluidic  studies,  as  is  borne 
out  by  the  mass  of  literature  Ii  fluidics  bibliographies  such  as 
reference  11,  very  little  effort  has  been  expended  to  develop  consistent 
and  comprehensive  models  of  fluidic  devices.  Instead,  the  models  cover 
different  ranges  of  amplitude  and  frequency,  and  lead  to  solutions  with 
different  degrees  of  precision.  An  organized  approach  for  modeling 
and  evaluating  fluidic  configurations  is  necessary  for  relating  research 
programs  to  hardware  designs. 

For  many  special  conditions,  the  form  of  component  models  leads 
to  descriptions  of  fluidic  systems  as  fluidic  circuits.  A  circuit 
description  of  a  fluidic  system  is  analogous  to  circuit  models  in 


’Literature  references  are  lilted  at  the  end  of  this  paper. 
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electronics  and  several  other  technical  fields  such  as  heat  transfer, 
mechanics,  hydraulics,  and  pneumatics.  Even  though  they  are  relatively 
simple  to  implement,  circuit  analyses  are  still  nonetheless  powerful 
techniques  for  determining  the  performance  of  devices. 

In  fluidics  as  well  as  in  electronics,  circuit  analyses  are 
simplified  and  approximate  forms  of  field  analyses  for  solving  the 
fluid  governing  equations.  It  is  well  to  note  that  general  field 
equations  are  rarely  easy  to  solve  because  they  are  dependent  on  a 
time  variable  as  well  as  on  three  spatial  variables.  Circuit  analyses 
in  fluidics  as  well  as  in  other  disciplines,  however,  are  more  convenient 
representations  than  field  analysis.  Field  equations  can  sometimes  be 
reduced,  all  or  in  part,  to  circuit  models  that  account  for  essential 
internal  processes  of  components  and  that  can  be  represented  In  teirrs 
of  variables  that  are  available  at  external  terminals. 

When  component  dimensions  are  small  with  respect  to  signal 
wavelengths,  field  analysis  completely  carries  over  into  circuit  analysis, 
pertaining  to  familiar  element  models  described  as  equivalent  circuits. 

In  an  equivalent  circuit,  the  essential  internal  fluidic  energy  processes 
are  taken  as  integrated  effects  or  lumped  properties  (ref  12)  of  energy 
supply,  energy  storage,  or  energy  dissipation.  Values  of  the  lumped 
properties  are  assigned  to  the  elements  in  the  circuit.  Mathematical 
laws  for  interconnecting  equivalent  circuit  models  in  a  system  are 
summarized  as  a  circuit  topology  (ref  13),  which  is  a  circuit  connection 
di  agram. 

With  regard  to  circuit  analysis  techniques,  two  important 
questions  arise:  Can  circuit  analysis  be  applied  successfully  to  the 
ranges  of  interest  for  fluidic  configurations?  and,  if  it  can,  how 
must  equivalent  circuit  models  be  modified  to  account  for  the  unique 
features  of  fluidic  devices?  These  two  questions  fortunately  are 
partially  answered  in  favor  of  a  fluidic  circuit  analysis.  One  of  the 
best  documented  studies  involving  fluidic  circuits  is  by  Belsterling 
(ref  9).  His  recent  book  demonstrates  that  not  only  devices  but  also 
circuit  modeling  techniques  are  currently  available  for  designing  quite 
sophisticated  fluidic  systems.  However,  his  approach  relies  heavily 
on  viewing  fluidic  components  from  external  terminals,  thus  falling  to 
apply  much  of  the  available  internal  flow  analytic  background  to  circuit 
mo'  'ing. 

A  good  base  for  applying  the  circuit  approach  to  fluidics  seems 
available  within  the  current  literature.  Thus,  we  question:  Is  it 
possible  to  synthesize  valid  fluidic  circuit  models?  and  what  procedures 
are  available  for  eva luat i ng  and  improving  fluidic  circuit  models?  These 
questions  are  answered  In  the  following  sections  outlining  the  purpose 
and  approach  of  this  paper. 
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1 . 1  Purpose 

The  overall  study  is  intended  to  answer  the  above  questions 
about  circuit  analysis  with  regard  to  designing  passive  pneumatic 
fluidic  control  circuitry.  In  this  regard,  four  specific  tasks  can 
be  identified: 

(1)  To  synthesize  circuit  models  of  passive  pneumatic  fluidic 
components . 

(2)  To  simulate  the  response  of  fluidic  circuits. 

(3)  To  evaluate  individual  and  interconnected  fluidic  circuit 
models  in  light  of  the  performance  of  physical  test 
configurations. 

(I*)  To  develop  approaches  for  designing  fluidic  control  systems, 
using  circuit  models,  circuit  programs,  and  evaluation 
procedures . 

In  section  3  of  this  paper,  task  (1)  is  performed  by  synthesizing 
one  or  more  models  of  capillary  modules,  enclosed  volumes,  bellows 
modules,  diaphragm  modules,  and  Junctions.  Task  (2)  is  described  by 
Iseman  in  reference  14.  Task  (3)  is  performed  in  sections  6  and  7  in 
a  nonsoph isti cated  way  by  evaluating  a  few  circuit  models  in  simple 
fluidic  subsystems.  Task  (k)  is  outlined  in  section  8  but  is  not 
directly  implemented. 

1 .2  Approach 

Tliis  study  ties  together  developments  in  pneumatic  fluidics  and 
improves  existing  linear  and  almost  linear  passive  fluidic  models.  It 
is  limited  to  a  lumped  parameter  range  (low  frequencies)  and  a  quasi" 
linear  range  (low  signal  and  low-power  levels  to  maintain  low  pressures 
and  low  velocities)  in  which  a  wide  dynamic  range  may  be  achieved. 

Modeling  fluidic  components  and  evaluating  these  models  within 
an  equivalent  circuit  framework  is  investigated  in  this  paper  by 
combined  analytical,  computational,  and  experimental  methods.  In  the 
past  few  years,  there  have  been  numerous  analyses  performed  in  developing 
models  of  passive  pneumatic  fluidic  components  (ref  2  through  8).  To 
synthesize  circuit  models,  the  most  meaningful  analytical  models  are 
selected  and  defined  over  the  ranges  of  interest. 

Circuit  response  may  be  calculated  analytically.  Many  analytic 
methods  have  been  coded  into  circuit-analysis  programs  on  the  digital 
computer.  Fluidic  circuit  models  are  incorporated  into  a  few  of  these 
existing  programs  (ref  1*0.  The  response  of  fluidic  system  models  as 
equivalent  circuits  is  then  determined  by  computer  analysis  techniques. 

Experimental  aspects  of  this  study  are  based  on  the  state-of-the- 
art.  In  this  study  (sect  5),  d-c  and  a-c  experiments  are  designed 
with  new  harcfc/are  and  instrumentation  to  give  accurate  measurements 
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in  validating  the  synthesized  circuit  models  and  their  ranges  of  appli¬ 
cability.  To  demonstrate  the  use  of  synthesized  circuit  models  of 
individual  fluidic  components,  a  few  simple  passive  fluidic  junctions 
and  compensation  networks  are  studied  in  sections  6  and  7. 

The  validity  of  the  synthesized  circuit  models  is  considered 
briefly  by  comparing  simulated  circuit  response  data  and  experimental 
response  data.  Succeeding  studies  will  continue  to  examine  techniques 
to  optimize  performance  criteria  (such  as  minimum  error)  and  to  improve 
circuit  models  by  adjusting  ( 1 )  expressions  for  element  values  in 
the  circuit,  and  (2)  circuit  topology  (the  arrangement  of  circuit 
elements) . 

2.  TERMINOLOGY  AND  DEFINITIONS 


In  developing  an  analysis  of  fluidic  systems  based  on  a  circuit 
analysis  approach,  many  definitions  from  circuit  theory  are  first 
clarified  with  respect  to  pneumatic  fluidics. 

Circuit  theory  (ref  15)  describes  the  transfer  of  energy  from 
a  source  or  supply  to  devices  that  employ  energy  in  gaining  useful 
results.  A  circuit  is  composed  of  elements  that  supply  and  receive 
energy  and  may  either  convert  it  to  heat  or  store  it.  Two  types  of 
elements  can  be  classified:  an  element  that  supplies  energy  is  an 
active  element,  an  element  that  receives  energy  (with  subsequent  energy 
storage)  is  a  passive  element.  Four  fundamental  types  of  fluidic  elements 
are  treated  in  the  paper:  an  energy-supply  element,  an  energy-dissipation 
element  and  two  types  of  energy-storage  elements. 

The  energy  processing  elements  are  integral  to  circuit  theory. 

A  circuit  or  network  (ref  15)  is  any  arrangement  of  passive  or  active 
elements  that  form  closed  paths.  Each  element  is  connected  to  one  or 
more  elements  at  two  or  more  circuit  nodes.  A  branch  is  a  section  of 
a  circuit  between  nodes  at  which  three  or  more  circuit  elements  are 
connected. 

A  fluidic  component  is  modeled  as  one  or  more  passive  elements 
if  the  fluidic  signals  interact  only  with  other  signals,  the  constraining 
geometry,  and  the  fluid  environment. 

A  fluidic  component  is  modeled  as  one  or  more  active  and 
passive  elements  if  additional  energy  sources  are  integral  parts  of 
the  components.  In  some  active  components  (amplifiers),  fluidic  signals 
are  directed  to  influence  auxilary  energy  supplies. 

The  simplest  lumped  fluidic  elements  have  two  external  terminals 
at  which  energy  is  interchanged.  Such  elements  are  termed  two-terminal 
elements  or  one-port  elements. 

Fluidic  energy  (ref  12)  in  a  lumped  system  is  described  by 
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two  related  physical  variables.  A  through  variable  (volume  flow, 
analogous  to  electric  current)  has  the  same  value  at  both  of  its  two 
terminals  (or  external  nodes).  An  across  variable  (static-pressure 
drop,  analogous  to  electric  voltage)  changes  between  the  two  terminals 
(nodes)  of  a  two-terminal  element. 

Circuit  models  are  the  models  used  to  characterize  the  fluid 
mechanical  processes  in  fluidic  systems.  Fluidic  system  components  are 
approximated  in  this  paper  as  two-terminal  sources,  dissipators,  and 
storers  of  energy.  Only  one  energy  process  Is  considered  in  each  model. 

A  fluidic  energy  supply  or  source  (ref  12)  is  capable  of 
delivering  energy  continuously  to  a  system.  The  source  static  pressure, 
p,  is  a  specific  function  of  time, 

P  -  F  (t)  .  (1) 

A  volume  flow  source  (ref  12)  is  defined  with  volune  flow,  Q,  as  a 
specified  function  of  time, 

Q  -  F  (t)  .  (2) 

A  d-c  fluidic  resistor  and  an  a-c  f 1 u1 d i c  dissipator  both  dissipate 
enerny.  Energy  dissipation  (ref  12)  is  described  by  some  algebraic 
relationship  between  the  through  variable  (volume  flow,  Q)  and  the 
across  variable  (static-pressure  drop,  Ap) , 


Q  -  f  (Ap) 

(3a) 

and 

sign  (Q)  -  sign  (Ap), 

(3b) 

where  Q  ■  0  when  Ap  ■  0. 

A  fluid  capacitor  (ref  12)  is  an  element  in  which  the  energy 
stored  is  a  function  of  the  static  pressure.  In  a  pneumatic  tank,  fluidic 
energy  is  stored  because  of  the  compressibility  of  the  fluid. 

Capacitance  of  a  fluidic  system  is  also  attributable  to  the 
volume  change  due  to  the  mechanical  spring  constant  or  mechanical 
elasticity  of  the  walls. 

In  both  cases,  a  fluidic  element  is  a  capacitance  when  it 
is  described  by  a  functional  relationship  between  the  increased  fluid 
volume,  Al/  (the  integral  of  the  change  of  volume  flow,  AQ) ,  and  the 
pressure  drop, 


/  AQ  dt  *  f  (Ap)  . 


(*) 
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A  fluid  inductor  (ref  12)  is  an  element  in  which  energy  is  stored 
as  kinetic  energy  in  the  fluid.  The  fluid  acquires  energy  from  the  force 
required  to  accelerate  it.  An  inertance  is  described  mathematically  by 
a  functional  relationship  between  the  integral  of  the  pressure  drop  and 
the  volume  flow, 

/  Ap  dt  -  f  (Q). 

The  approach  to  represent  fluidic  components  with  pure  lumped 
elements,  described  in  terms  of  a  through  variable  (volume  flow)  and 
an  across  variable  (static  pressure  drop),  measured  at  /vxternal  termi¬ 
nals  is  called  an  equivalent  circuit  approach. 

In  both  acoustics  and  hydraulics,  under  certain  circumstances 
the  fundamental  governing  equations  may  be  reduced  to  linear  ordinary 
differential  equations  that  fit  directly  into  an  equivalent  circuit 
approach.  Solutions  can  then  be  obtained  for  steady-state  dc,  as  well 
as  in  the  time  domain  and  in  the  complex  frequency  domain. 

2. 1  S  i gna I -Amp I i tude  Dependence 

To  consider  a  wide  dynamic  range--perhaps  as  large  as  1000  (60  dB)-- 
it  is  necessary  to  cover  the  range  from  small  amplitude  signals  (in 
the  acoustic  range)  to  large,  finite  amplitude  signals.  Signal  amplitude 
is  the  magnitude  of  the  static-pressure  excursion  or  of  the  volume  flow. 

At  larger  pressure  amplitudes,  if  momentum  flux  is  of  the  same  order  as 
static-pressure  forces,  then  the  value  of  an  element  may  become  a 
function  of  the  signal  amplitude.  In  general,  a  linear-circuit  repre¬ 
sentation  of  the  actual  fluidic  component  will  be  incorrect  at  higher 
signal  levels.  For  example,  a  long  cylindrical  capillary  (ref  2)  with 
a  small  static-pressure  drop  follows  Poiseuille's  law  in  which  resistance 
is  constant.  However,  as  the  static-pressure  drop  is  increased  across 
the  same  capillary  (ref  3,  **) ,  a  greater  fraction  of  its  length  is 
needed  to  produce  fully-developed  laminar  flow.  Resistance  is  then  a 
function  of  the  differential  static  pressure. 

2.2  Signal-Frequency  Dependence 

Signal  frequency  in  the  complex  frequency  domain  and  time  rate 
of  change  in  the  time  domain  are  considered  in  the  development  of  circuit 
models.  There  are  three  aspects  of  circuit  analysis  that  are  related 
to  the  signal  frequency:  (l)  validity  of  lumped  element  models,  (2)  topology 
of  the  circuit,  and  (3)  values  of  circuit  elements. 

An  element  may  be  described  by  a  lumped  model  when  there  is  little 
signal  phase  shift  as  a  function  of  position  within  the  element.  A 
distributed  model  is  applied  if  the  lumped  model  is  not  valid.  Lumped 
models  are  usually  considered  valid  if  physical  dimensions  are  less  than 
0.10  wavelengths  (ref  16) .  The  product  of  signal  frequency  and  comporent 
size  determines  acceptance  or  rejection  of  the  I umpeJ-ci rcui t  approach 


for  modeling  components.  As  the  ratio  of  component  size  to  fundamental 
wavelength  (wave  velocity/frequency)  gets  much  smaller  than  unity, 

I umped-element  models  are  valid. 

In  a  circuit  approach,  fluidic  components  are  modeled  as 
topological  arrays  of  lumped  elements.  Topology  of  circuit  models  is 
determined  f.om  the  relationships  am""'}  resistance,  inductive  reactance, 
and  capacitive  reactance.  For  exan,  •«  at  frequencies  close  to  dc,  a 
capillary  is  modeled  as  a  pure  Imped  resistive  element.  As  frequency 
increases,  dynamic  effects  increase  In  significance  and  an  array  of 
resistive,  inductive,  and  capacitive  elements  (ref  5)  more  adequately 
represents  a  capillary. 

An  example  related  to  both  amplitude  and  frequency  dependence  is 
a  fluidic  junction  into  which  three  or  more  fluidic  comoonents  are 
connected.  For  small  amplitude  signals,  a  junction  is  purely  a  node. 

For  finite  amplitude  signals,  the  ratio  between  dynamic  pressure  and 
the  absolute  pressure  is  no  longer  negligible,  so  th-’t  the  junction  is 
not  a  pure  node;  it  therefore  fails  to  be  one  dimensional  and  becomes 
di rectional . 

Directionality  in  a  junction  can  be  virtually  eliminated  for  large 
ratios  of  dynamic  pressure  to  absolute  pressure  by  redesigning  the 
junction  into  a  stilling  chamber  (ref  6)  to  reduce  dynamic  pressure. 
However,  capacitive  dynamics  are  aJded  by  converting  the  junction  into 
a  stilling  chamber  (an  enclosed  volume). 

Values  of  the  elements  in  some  circuit  models  are  also  related 
to  frequency.  In  the  case  of  an  enclosed  volume,  a  polytropic  coefficient 
associated  with  the  thermodynamic  processes  occurring  in  a  gas  Is  a 
function  of  the  signal  frequency.  Hence,  since  the  capacitance  and  a-c 
dissipation  of  an  enclosed  vo!<*ne  are  functions  of  the  polytropic 
coefficient,  they  are  thus  functions  of  frequency.  Katz  and  Hastie  (ref 
7)  show  that  the  impedance  of  an  enclosed  volume  is  equivalent  to  a 
grounded  frequency-dependent  capacitor  shunted  by  a  frequency-dependent 
energy  dissipation  element. 

3.  MODELS  OF  FLUIDIC  COMPONENTS 


Five  types  of  passive  components  that  are  commonly  used  in  fluidic 
networks  are  (1)  a  capillary  module,  (2)  an  ei. closed  volume,  (3)  a  bellows 
module,  (k)  a  diaphragm  module,  and  (5)  a  junction.  Each  of  these  fluidic 
components  is  studied  individually  in  this  section.  In  sections  6  and 
7,  these  components  are  studied  as  parts  of  larger  systems. 

This  section  describes  each  component  as  one  or  more  typical 
algebraic  expressions  valid  over  different  operating  ranges,  and  one  or 
more  equivalent  circuit  topologies  valid  over  different  operating  ranges. 
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3-1 


Cap! I lary  Module 


Consider,  as  the  simplest  case,  a  circular  capillary  with  a  steady, 
dc  pressure  drop  and  through  volume  flow. 


For  a  sufficiently  long  cylindrical  capillary,  pressure  drop 
is  produced  in  opposing  the  dissipative  viscous  shear  losses.  For  laminar 
flow,  Poiseui  lie's  law  (ref  2,  p.  58)  gives  the  pressure  drop,  Ap,  as  a 
function  of  the  volume  flow,  Q, 


(6) 


where  r  and  l  are  the  radius  and  length  of  the  capillary,  and  p  Is  the 
dynamic  viscosity  of  the  fluid. 

Fluidic  resistance,  R,  is  defined  (ref  17)  as  rate  of  change  of 
pressure  drop,  Ap,  as  a  function  of  volume  flow,  Q, 


R  - 


(7) 


For  the  linear  relationship  between  Ap  and  Q  in  equation  (6),  resistance 
for  a  iingle  long  capillary  is  a  constant, 


R,  -  H  (8) 

*.l  vr1*  . 

By  placing  a  bundle  of  N  identical  capillaries  in  parallel, 
the  total  linear  resistance,  R»  N,  of  a  capillary  module  is  reduced  by  a 
factor  of  N  to  ’ 


(9) 


For  shorter  capillary  tubes,  the  steady-state  pressure  drop  opposes 
not  only  the  viscous  losses  but  also  (as  in  ref  3)  kinetic  energy  increases 
due  to  velocity  profile  changes  in  the  entrance  and  along  the  velocity 
profile  development  length.  In  reference  3.  a  bundle  of  N  parallel 
capillaries  is  described  as  a  nonlinear  resistance,  Rn^  by  adding  a 

flow  dependent  resistive  term  to  the  viscous  dissipation  term  in 
equation  (9), 


.  8ui  +  7  _P _ 

Nur**  ^  N2TT2rl* 


(10) 


where  p  Is  the  mass  density  of  the  fluid. 
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The  ratio  of  the  flow- dependent  term  to  the  f lev/- i ndependent 
term  is 

Rn£.N  '  28i  oN  „ 

- "7^ - “W11  •  (ID 

This  ratio  is  directly  proportional  to  oNQ,  inversely  proportional  to 
,iC,  and  independent  of  the  radius,  r.  According  to  Merri t  (ref  k)  ,  in 
the  laminar  flow  regime  the  amount  of  error  in  accepting  a  linear  formu¬ 
lation  f-r  the  resistance  of  the  capillary  is  within  10  percent  of  a 
constant  value  if  the  ratio  of  length  to  diameter,  i/d,  is  related  to 
the  Reynolds  number,  NR,  by  the  inequality. 


7  1  0-W  Nr  .  (12) 

Merritt  (ref  4)  suggests  that  as  a  rule  of  thumt  1/ d  >_  **00  to  assure 
linearity  within  10  percent.  However,  as  Reynolds  nunber  is  lowered, 
error  is  reduced  if  length  is  held  fixed;  or  the  minimum  i/d  ratio  is 
reduced  if  error  is  kept  within  the  same  limits. 

For  steady  flow  througn  a  bundle  of  capillaries,  resistance  alone 
describes  the  physical  process.  Hence,  an  equivalent  circuit  representing 
a  capillary  with  steady  flow  is  a  pure  resistor  (fig.  1). 


R 

A/WW 


Figure  1.  Static-equivalent  circuit  model  of  capillary 


When  a  time-varying  pressure  drop  is  applied  across  the  capillary, 
compressibility  or  inertial  phenomena  produce  dynamic  effects.  The 
output  pressure  may  lead  the  input  pressure  as  well  as  be  attenuated. 

As  a  first-order  dynamic  correction,  each  capillary  is  assumed  to  be  a 
short  segment  of  a  circular  transmission  line.  In  reference  5,  the  trans¬ 
mission  line  is  made  up  of  a  Poiseuille  law  resistance,  a  constant*  linear 
capacitance,  and  a  constant  inductance  (inertance).  For  a  single  capillary, 
linear  capacitance,  and  linear  inductance,  Jt  are 


(13a) 


'A  more  accurate  representation  (discussed  subsequently)  takes  into  account 
the  variation  of  capacitance  with  frequency. 


where  n  Is  the  polytropic  coefficient,  and  p^  Is  the  ambient  absolute 
pressure;  and 


irr 


2  » 


(13b) 


where,  from  reference  5,  X  Is  approximated  as 


X 


1  /Kir2  \ 

1  +  3  exP  ( 32W  * 


For  higher  frequencies, 


a1 


lOOv 


x  -  i  ; 


and  for  lower  frequencies, 


u 


(13c) 


(13d) 


( 1 3«) 


The  ratio  of  linear  inductive  reactance,  X  ,  to  linear  resistance 
is  determined  from  equations  ( 1 3b)  and  (9), 


(1*) 


where  to  is  the  radian  frequency  and  v  is  the  kinematic  viscosity. 

The  ratio  of  1 i near . capaci ti ve  reactance,  X  ,  to  linear  resistance  is 
determined  from  equations  (13a)  and  ( 1 4) , 

X,  np  r2 

R'  m  W  •  (15) 

As  the  frequency  Increases,  the  inductive  reactance  increases 
and  the  capacitive  reactance  decreases  relative  to  resistance. 

A  dynamic  equivalent  circuit  model  of  the  capillary  therefore 
includes  resistance,  capacitance,  and  inductance.  Resist  nee  and 
inductance  are  defined  for  through  flow.  Figure  2  shows  six  possible 
circuit  models;  in  each  model,  resistance  and  inductance  are  in  series 
between  the  input  and  output.  Because  pneumatic  capacitance  describes 
an  energy  storage  process  due  to  gas  compressibility,  and  is  made 
relative  to  a  reference  pressure,  pneumatic  capacitance  is  therefore  in 
shunt  to  ground. 
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The  sfx  possible  configurations  in  figure  2  are  suggested  by 
reference  16  which  describes  several  limped  approximations  to  a  lossless 
transmission  line.  Included  In  reference  16  are  a  lossless  LC  model  and 
a  lossless  CL  model.  Responses  of  the  different  circuit  models  In 
figure  2  are  expected  to  have  better  agreement  over  various  ranges  of 
real  conditions  as  different  combinations  of  values  of  R,  L,  C  and 
external  circuit  conditions  are  tried. 


To  gain  further  insight,  let  us  consider  three  linear  circuit 
models  of  a  capillary:  RCL  (fig.  2a),  RCL  (fig.  2c),  end  CRL  (fig.  2e) . 
Each  circuit  is  driven  by  a  sinusoidal  pressure  source  p  and  loaded  by 
Z.  The  three  loaded  circuits  are  shown  in  figure  3* 

In  figure  3c,  capacitor  C  shunts  pressure  source  p.  To  obtain 
d  solution  C  must  *>e  considered  as  part  of  p  and,  hence,  is  shown  dashed 
to  indicate  that  it  must  be  eliminated  from  this  circuit. 


Based  on  an  assumption  of  linear  components,  transfer  functions, 

p 

- -  (s) ,  for  the  loaded  RLC,  RCL,  and  CRL  circuits  are  derived  as 

pin 


RLC 


RCL 


CRL 


!«“<s) - - ! - - 

p!n  0  ♦  j)  +  (RC  +  j)  s  +  LC  s2 

!2H!(s)  .  _ ! _ - _ 

^ln  (1+y)  +  (RC  +  y)s+^rLCs^ 

_ _ i _ 

Pin  (1  +  f)  +  Z  * 


(15«) 


(15b) 


(15c) 


To  simplify  the  problem,  assume  Z  is  purely  resistive  so  that 


Then  equation  15  becomes 


RLC 


Pout 


(s) 


_ 1 _ 

(1  +  j{-)  +  (RC  +  —)  s  +  LCs2 


(16a) 


(c)  Loaded  CR1.  circuit 

Figure  3*  Simple  loaded  dynamic  equivalent  circuit 
models  of  capi 1 lary 


To  get  some  further  feel  for  the  three  models  without  making 

8U£ 

any  generalizations,  choose  R^  R  ■  .  (This  assumption  about  the 

values  of  R  in  no  way  says  that  a  real  R  of  this  form,  exists  without  L 
and  C.)  Above,  it  should  be  noted  that  when  R^  R,  the  transfer 

functions  for  the  RLC  model  (equation  16a)  and  the  RCL  model  (equation 
1 6b )  are  the  same,  as  are  the.  tabulated  expressions  for  G  and  41. 


Substituting  typical  values  for  R,  L,  C,  and  p^  into  the 
expressions  for  magnitude  ratios  and  phase  differences 


Model 

S  Pout 

(jw) 

1  ^ 

RLC 

t  - 

r 

2  x  10_l4u  1 

Vi»-3.6x10"  V+IO^V4 

1  3  ret fin 

2  -  13-VU 

RCL 

fiiniw  nm—'J 

2  x  IO-“ul 

Vi^^xicrV+io-1  V 

d  1  Ll  01 1 

2  -  10-  4/J 

CRL 

J  1 

^-arctan 

10*4w  ' 

Vi,  ♦  10-V 

2 

J 

Now  if  the  frequency  u  103  (<_  160  Hz),  G  and  4  are 
monotonic.  Using  u  *  TO3,  the  comparison  of  G  and  4  is  tabulated  below. 


Model 

{ 577  H 

RLC 

.523 

-  6.09  deg 

RCL 

.523 

-  6.09  deg 

CRL 

.**99 

-  2.86  deg 

Thus,  for  linear  models  loaded  with  an  equal  resistance  (2  =  R^) , 

the  CRL  model  has  about  the  same  frequency  response  (G  and  4)  as  the 
RLC  and  RCL  models  up  to  1 60  Hz.  These  results  may  be  extended  somewhat 
Consider  a  resistor  loading  the  capillary.  Then  for  linear  models,  the 
geometry  and  fluid  parameters  determine  the  values  of  RC,  LC,  R/R^  and 
L/Rl  used  in  computing  G  and  4  for  a  loaded  capillary. 


! 


LC 

R 


M 

nr2l  m  B£_  £2 

(17b) 

trr2 

nPoo  nP» 

8y£ 

nr4 

irr  4  r.  4  . 

“  (“}  T[ 

(17c) 

Bp  l 
mr2 

"L4  .  Bp  /lV  l 

T[‘ 

(I7d) 

For  other  than  resistive  loads  and  linear  component  models, 
the  above  discussion  gives  only  an  approximate  method  for  comparing 
models  of  the  capillary.  A  more  detailed  discussion  Is  presented  In 
reference  18. 


For  a  bundle  of  N  parallel  capillaries  consider  each  of  the 
six  individual  circuits  placed  in  parallel  as  in  figure  A. 

The  N  identical  capacitors,  placed  at  node  OUT  (fig.  Aa,  b) 
and  node  IN  (fig.  Ae) ,  are  in  parallel  so  that  from  equation  (13a) 


£,N 


N 

■  £ 
i-1 


Ll.  I 


N 

Z 

i-1 


rr  2l 


nP„ 


(18a) 


However  only  if  the  pressures  at  all  three  nodes  MIDI,  MID2 
and  Ml DJ  are  equal,  equation  ( 1 8a)  will  apply  for  figure  A  (c,  d) . 

Also  for  equal  pressures  at  MIDI,  MID2,  and  MID3.  not  only  N  Identical 
resistors  will  be  in  parallel  so  that  equation  (9)  holds,  but  also  N 
identical  Inductors  will  be  in  parallel  so  that  from  equation  (13b), 


N 

C 

i-1 


N 

£ 

1-1 


(18b) 


3.2  Enclosed  Pneumatic  Volume 


A  tank  and  a  cavity  with  almost  closed  surfaces  are  the  structures 
described  as  enclosed  volumes.  In  this  section,  the  dynamics  of  enclosed 
volumes  are  represented  in  an  equivalent  circuit  framework.  As  mentioned 
briefly  in  section  3.1,  an  enclosed  pneumatic  volume  stores  energy  through 
the  compressibility  process. 

Static  absolute  pressure,  p,  in  the  enclosed  volume  may  be  written 
as 


P  "  P.  +  Pi  • 


(19a) 
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(»  l*c  model 


w  NLC  MODEL 


(f)  CL*  MODEL 


Simple  dynamic  equivalent  circuit  models 
for  bundles  of  f|  parallel  capillaries 


(c)  *CL  MOOEL 

(«)  LCR  MODEL 

■  1  M,  L< 

Li  1*10, 

where  p  ,$  a  steady-state  reference  pressure  and  p,  Is  a  small  fluctu- 
,-ition  about  P  .  In  a  small  signal  analysis, 


constant, 


Pj  <<  P« 


P  "  P„. 


dt  dt  • 

Pressure  In  an  enclosed  pneumatic  volume  may  be  expressed  in 
differential  form  (ref  2)  In  terms  of  the  net  volume  Inflow,  AQ,  as 


where  V  js  the  vol^e  and  n  is  the  polytropic  coefficient.  In  integral 
form  for  constant  n  and  constant  volune,  V, 


P1  "  p»  7  /  (dQ)dt  .  (2 

Linear  fluidic  capacitance,  C^,  is  defined  as  a  ratio  of  the 

change  Qf  gas  voliine  (the  time  integrated  volume  flow)  to  the  static 
pressure  drop  develooed  across  the  enclosed  volume  (ref  19), 


C  -  — -  ’ 
A  p  • 


c  -  iL  w 

p  -  p. 


In  this  simp|e  linear  model,  linear  capacitance,  C»,  is  found 
from  eqUat|ons  (20b)  and  (21b)  to  be 


C,  -  - - 

l  np 
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The  sinple  definition  for  linear  capacitance  in  equation  (22) 
fails  to  account  for  several  factors: 

(1)  Large  changes  in  pressure,  p  ,  about  steady  state  (not 

as  small  as  indicated  in  equation  19c). 

(2)  Variable  polytropic  coefficient,  n,  as  a  function  of 
the  presssure  change. 

(3)  Shape  of  the  enclosed  volune  that  affects  the  value 
of  capacitance. 

(4)  Energy  dissipation  as  well  as  energy  storage  processes. 

Case  (1)  occurs  for  finite  pressure  perturbations,  in  which 
p,  is  of  order  p  ,  for  which  a  pneumatic  enclosed  voltme  operates  In 

a  nonlinear  range.  Then  the  nonlinear  equivalent  of  equation  (20b)  re¬ 
lating  the  static  pressure  to  the  time  integrated  volune  flow,  is 
derived  from  the  continuity  equation  and  the  polytropic  equation  of  state 
as  equation  (23) , 


t 

P  "  P^  exp  (^).*  AQ  dt 


(23) 


The  use  of  two  linear  circuit  equations  (conservation  of  mass  and 
conservation  of  energy)  as  approximations  for  the  nonlinear  fluid 
equations  for  conservation  of  mass,  energy,  and  mumentun  is  not  warranted 
for  large  perturbat ions.  Our  purpose  here  is  to  obtain  an  indication 
of  the  range  of  validity  of  the  linear  approxinat ion  for  capacitance. 


It  is  possible  to  approximate  the  error  in  assigning  a  linear 
model  of  capacitance  in  equation  (22)  instead  of  the  nonlinear  functional 
relationship  in  equation  (23)  by  expanding  equation  (23)  in  a  series. 
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♦(J)/** Q  dt 


4-  I  (12) 
2  V 


.t,. 

j  AQ 


dt 


1 
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(2) 

1  V7 


;1aq 


dt 


♦  ...1 

(24) 


Now  if  the  quantity  (p  -  p^)  is  formed  from  equation  (24),  the  reciprocal 

taken,  and  the  result  rearranged  In  the  form  of  the  definition  of 
capacitance  in  equation  (21b),  then  equation  (23)  yields  the  desired 
result  for  nonlinear  capacitance. 


c  -  {1  •  dt  *  [;tAQ  dt]3  +  (25) 

If  the  higher  order  terms  of  the  series  are  small,  equation  (25)  is 
identical  with  the  linear  definition  of  capacitance  in  equation  (22). 

The  relative  importance  of  the  second  term  of  the  series  in  equation  (25) 
may  be  judged  by  taking  the  absolute  value  of  the  ratio  of  the  second 
and  first  terms  of  the  series  as 
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j  J/V  dt  . 

It  is  usually  desirable  that  this  quantity  be  less  than  0.05. 

The  dynamic  properties  of  the  enclosed  volume  are  described  as 
a  grounded  capacitor  as  shown  in  figure  5. 


figure  5-  Equivalent  circuit  model  of  simple  enclosed  volune 

As  cited  in  case  (2)  above,  when  the  polytropic  coefficient  is 
nonconstant,  a  better  model  may  be  made.  Kat2  and  Hastie  (ref  7) 
investigate  this  problem  and  approximate  n  as 


J?  2T 


where  R  is  the  universal  gas  constant.  The  ratio  of  average  temperature 

change  to  pressure  change  7^-  (developed  by  Daniels,  ref  20  for  several 

cp 

specific  strucures)  may  be  expressed  for  an  infinitely  long  cylinder  as 


where 

J  and  J,  are  zeroth  ara  first-order  Bessel  functions, 
o  I 

u  is  the  frequency, 

C  is  the  specific  heat  capacity  at  co.  tant  pressure,  and 
P 

<  is  the  thermal  conductivity. 
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No 


correction  is  male  for  the  end  effects  of  a  cylinder  of  finite  length. 


In  case  (3),  'Inear  capacitance  for  a  cylinder  that  operates  in  a 
frequency  range  ha/lng  a  varying  polytropic  coefficient  is  calculated 
from  equat  ions  (2<  ) ,  (26) ,  and  (27) . 


C,  -  J  [R«  $  *  J  Jm 


(28a) 


where  the  real  /  nd  imaginary  parts  of  -  are  given  as 
1  1  y-1  ^er-  “  ^er’  a  +  a  ^e'’  a  ”  ^er-  a  a  *  *3er’  a  a 


Re  (—)■[—  - 
n'  y  y 


ber  2  a  +  bei  2  a 
o  o 


(28b) 


-] 


ber  a  ber,  a  +  bel  a  bei,  a  +  ber  a  bel .  a  -  ber.  a  bei  a 


Y  ° 


ber  2  a  +  bei  2  a 
o  o 


(28c) 


where 


(28d) 


and  wh-.re  the  ber  and  bei  functions  are  Bessel  functions  of  zero  and 
integer  orders  and  with  arguments  that  are  functions  of  j  ‘ . 


tdmi ttance,  Y,  of  a  capacitor  is  written  as 

Y  -  jwC 


(29) 


Confining  equations  (28a)  and  (29).  the  admittance  of  the  cylindrical 
vol  ne  becomes 


<i> 


(30.) 


AJmittance  in  equation  (27a)  has  a  form 

1 


1>Tu7 


+  juC, 


(30b) 


where  D(u)  is  a-c  dissipation. 

According  to  Shearer  et  al  (ref  12),  the  form  of  the  admittance  in 
equation  (30b)  defines  the  equivalent  circuit  of  an  enclosed  volume  as 
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a  parallel  (fig  6)  array  of  a  frequency-dependent  capacitor  and  a 
frequency-dependent  energy  dissipating  element,  D(w) ,  that  dissipates 
energy  as  a  function  only  of  the  a-c  pressure  at  node  (IN).  Its  d-c 
impedance  Is  infinite. 


Capacitance  and  frequency-dependent  energy  dissipation  for  a  cylindrical 
vclume  are  plotted  in  figure  7.  Frequency  dependent  energy  dissipation 
has  approximately  a  minimum  value  when  argument  o  ■  3*  Below  a  value 
a  ■  .52  and  abc^e  a  value  a  *  40,  energy  dissipation  is  at  least  an 
order  of  magnitude  greater  than  that  of  Its  minimum  value. 
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Capacitance  is  within  I  percent  of  its  isothermal  value  for  values 
of  a  <  1  and  within  1  percent  of  its  adiabatic  value  for  a  >  50. 


Figure  7.  Frequency  dependent  dissipation  and  capacitance 
for  enclosed  cylinder 

3.3  Mechanical  Confining  Structures 

The  bellows  module  and  the  diaphragm  module  are  mechanical, 
moving  parts  devices  introduced  into  no-moving-parts  fluidic  circuits 
to  provide  point-to-point  capac'tance  functions. 

3.3.1  Bellows  Module 


The  energy  storage  process  in  the  bellows  module  occurs  through 
the  deflection  of  its  moving  member  and  the  gas  compressibility.  The 
deflection  process  is  analogous  either  to  mechanical  energy  being  stored 
in  the  deflection  of  a  spring  or  to  electrical  energy  being  stored  in 
an  electrical  capacitor. 

The  bellows  operates  approximately  in  a  linear  mode  as  long  as 

its  maximum  deflection,  x  ,  is  not  exceeded.  To  determine  the  relation 

max 

between  pressure  difference  and  deflection,  consider  that  in  a  linear 
mode,  Hooke's  law  gives  the  restoring  force,  F,  as 


4** 


- - 
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F  -  -kx 


(33a) 


where  k  is  the  spring  constant. 

From  equation  (33a),  the  pressure  difference,  Ap,  across  the  bellows 
is  determined  to  be 


Ap 


(33b) 


where  A  is  the  cross-sectional  area  of  the  bellows. 

Writing  the  deflection  In  terms  of  a  volume  change,  AV,  then  equation 
(33b)  may  be  rewritten  as 


Ap 


kAV 
■  • 

A2 


(33c) 


Volume  change,  AV,  is  equivalent  to  (/Aq  dt)  so  that  from  equation  (33c) 
it  is  possible  to  wri te 


Ap 


=-r  !  AQ  dt 

A2 


(33d) 


Comparing  equation  (33d)  with  a  definition  of  capacitance  In  equation  (21b), 
a  formula  for  the  point-to-point  capacitance  of  the  pneumatic  bellows 
module  without  compressibility  effects  is 

C  -  ^  '  (3*) 

Thus,  as  desired,  a  simple  equivalent  circuit  model  of  the 
dynamic  process  (eq  3**)  in  the  bellows  module  is  a  point-to-point 
capaci tor  (fig.  8) . 


Figure  8.  Simple  equivalent  circuit  for  bellows  module 

However,  these  mechanical  modules  are  more  complicated  than  those 
of  pure  point-to-point  capacitors,  in  the  expanded  equivalent  circuit 
(fig.  9),  two  capacitors,  two  resistors,  and  two  Inductors  are  added  to 
the  simplest  equivalent  circuit  (fig.  8)  of  a  point-to-point  capacitor, 
C],  between  nodes  IN  and  OUT. 
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Figure  9.  Sophisticated  equivalent  circuit  for  bellows  nodule 

Resistors  R,  and  R-,  and  inductors,  L,  and  L,.  are  the  expansions 

to  and  the  contractions  from  the  cross-sectional  area.  A,  of  the  bellows. 
The  increased  cross-sectional  area  also  introduces  added  volumes, 
represented  by  capacitors,  C.,  and  C3,  for  each  side  of  the  bellows  to 
account  for  compressibility." 


3.3-2  Diaphragm  Module 

The  diaphragm  nodule,  a  second  mechanical  point-to-point  capacitor, 
has  been  studied  by  Katz  and  Hastie  (ref  8).  In  this  section,  its 
dynamic  processes  are  modeled  within  the  eauivalent  circuit  framework. 


The  di aphragn  modu le  stores  energy  in  a  diaphragm  (membrane), 
through  a  deflection  process  similar  to  that  of  a  bellows.  The  deflection, 
x(r),  of  a  circular  diaohragm  membrane  is  shown  by  Katz  and  Hastie  (ref  8) 
to  be  a  function  of  the  radial  position,  r,  in  terms  of  the  modulus  of 
elasticity  of  the  diaphragm,  E,  the  diaphragm  thickness,  h,  the  diaphragm 
radius,  r^,  and  the  pressure  difference,  !. p,  across  the  diaphragm  as 


x(r)  -  0.662  rQ 


1/3 


(1.0  -  0.9  f-2  -  0.1  ^5), 


(35) 


where 


o  »  p, 

1 

The  volume  displaced,  V,  in  diaphragm  deflection  is  determined  by 
integrating  equation  (35)  yielding, 


£V(r) 


0.362 


1/3 


r 

o 


10/3 


(36) 
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The  displaced  volume,  AV(r),  is  substituted  Into  the  definition 
of  fluidic  capacitance  In  equation  (21a)  so  that  capacitance,  C,  for  the 
circular  diaphragm  Is  given  as 

r  10/3  _2/3 

C  "  °'362  tIkT173  lpl  "  M  •  (37) 


The  median  I  cal  capacitance  of  the  diaphragm  is  nonlinear  because 
of  its  functional  dependence  upon  the  pressure  difference,  Pj  -  p2, 

across  the  diaphragm.  When  the  difference  Is  zero,  equation  (37)  In¬ 
dicates  that  capacitance,  C,  becomes  infinite.  According  to  reference  8, 
however,  a  d-c  bias  pressure  may  be  applied  across  the  diaphragm.  Then 
for  small  amplitude  signals,  the  pressure  changes  in  equation  (37) 
remain  approximately  constant  and  the  capacitance,  C,  Is  fairly  linear 
for  small  signals. 

The  value  of  the  linearized  capacitance  (about  a  d-c  operating  point) 
is  calculated  from  equation  (37)  and  rewritten  as 


“  kIPj  " 


-2/3 


where 

0.362  r  10/3 

K  -  - 2 - 

(Eh) 1/3 


(38) 


(39) 


Therefore  from  equation  (38),  the  simplest  equivalent  circuit 
model  of  the  energy  processes  in  a  diaphragm  module  is  a  point-to-point 
capacitor  (fig.  10). 


Figure  10.  Simple  equivalent  circuit  for  diaphragm  module 


As  discussed  in 
energy  processes  are 
(fig.  11)  to  account 


section  3-3-1  for  the  bellows  modules,  additional 
included  in  more  sophisticated  equivalent  circuits 
for  losses  and  inertance  in  the  inlets/outlets. 
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and  added  capacitance  due  to  the  fixed  volumes  on  each  side  of  the 
diaphragm. 
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Figure  II.  Sophisticated  equivalent  circuit  for  diaphragm  i.odjle 

A  point-to-point  capacitor,  C,,  is  placed  between  nodes  IN  and  OUT.  The 

equivalent  circuit  node!  for  expansions  and  constrictions  includes  in 
addition  both  energ,  dis  ipation  in  two  resistors,  R,  and  h, ,  and  energy 

storage  in  two  inductors,  L,  and  L-.  In  addition  energy  storage  in 

the  two  chambers  (adjacent  to  the  diaphragm)  i*  modeled  as  two  capacitors 
C,  and  C3 

3 - ^  Fluidic  Ju-ct i on 


The  foregoing  sections  have  described  equivalent  circuit  models 
for  several  passive  componen  ts- -cap  i  1 1  ar  i  ev ,  enclosed  volu-cs  and 
mechanical  capacitors.  Each  of  the  ,e  passive  cn-gonenfs  for—s  a  hrancK 
of  a  fluidic  configuration.  Fluidic  junctions,  at  which  these  co-ponents 
are  joined,  are  discussed  in  this  section. 

Fluidic  junctiors  may  he  as  si-ple  as  connection  points  v.'^ere 

two  or  more  fluidic  components  are  joined.  For  example,  the  connection 
point  for  two  components  is  a  union.  For  three  components  or  branches 
meeting  at  one  point,  the  connection  points  are  tees  and  Y's  while  for 
four  components  they  are  x  s.  More  complicated  configurations  witk 
multiple  fittings  such  as  tanks  and  stilling  chambers  are  also  considered 
as  junctions. 

The  How  in  the  ideal  fluidic  junction  is  one  dimensional  a-r! 
the  junction  offers  zero  impedance  that  is.  no  energ  •  losses  and  no 
energy  storage.  An  ideal  fluidic  junction  is  analogous  to  the  voltage 
node  in  electronics.  However,  when  considering  an  actual  fluidic  junction 
that  must  cov^r  a  wide  bandwidth  and  a  i  dc  dynamic  rmgc,  a  trad  off 
between  directional  (-omentu-l  effects  and  znro  i-pndance  must  generally 
be  made . 

Impedance  of  fluidic  junctions  is  minimized  by  keeping  passages 
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short  and  by  not  expanding  Into  large  chambers.  On  the  other  hand, 
directionality  In  fluidic  junctions  Is  minimized  by  expanding  into  large 
chambers  to  convert  directional  dynamic  pressure  into  a  uniform  static 
pressure.  A  junction  of  three  or  more  fluidic  components  may  be  considered 
to  be  a  pure  node  if  energy  is  neither  dissipated  nor  stored  at  the 
junction  and  if  all  the  energy  is  in  the  form  of  potential  energy. 

Pneunatic  nodes  are  usually  designed  by  min  ..lizlng  the  ratio  of  kinetic 
to  potential  energies  at  the  expense  of  added  impedance.  The  simplest 
equivalent  circuit  that  represents  a  pneumatic  node  is  a  capacitor,  C, 
from  the  connection  point,  IN,  to  ground  (fig.  12).  Capacitance  is 
minimized  if  the  volune  is  kept  small. 


Figure  12.  Simple  equivalent  circuit  for  pneunatic  node 

At  higher  velocities,  the  nodal  connection  point  may  be  actually 
converted  into  a  stilling  chamber  to  guarantee  that  static  pressure 
drop  instead  of  total  pressure  drop  is  developed. 

The  pneunatic  fluidic  junction  discussed  above  may  also  be  used 
to  perform  other  functions  In  fluidic  circuits.  For  example,  in  systems 
applications,  this  fluidic  junction  may  be  used  as  a  passive  fluidic 
sunming  Junction  and  as  a  passive  fluidic  distribution  Junction,  which 
will  be  discussed  in  the  following  sections. 

3.i».1  Passive  Fluidic  Summing  Junction 

Passive  fluidic  summing  junctions  have  the  same  configurations 
(tees,  Y's,  x's,  and  stilling  chambers)  as  junctions  of  three  or  more 
fluidic  components  (sect  3-*0-  Consider  now  the  passive  junction 
connecting  linear  resistors  (fig.  13),  where  an  output  pressure,  po,  is 
a  function  of  the  sum  of  input  pressures  p}  and  p2,  so  that 

p0  -  f  (Px  +  P2)’ 
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JUNCTION 


•l 


Figure  13.  Passive  summing  junction  In  system 

Tne  general  expression  for  the  output  pressure,  pQ,  at  the 
junction  may  be  written  In  terms  of  the  Input  pressures,  p}  and  p2>  the 
Input  resistances,  Rj  and  R2 ,  and  the  load  resistance,  R^, 


P1  a  P2 

ir~  +  tt 

"1  R2 

po‘T— r— r 


r“  +  IT  *  ir 
Ri  R2  rl 


(42a) 


Multiplying  top  and  bottom  by  Rj  and  letting  R2/Rj 

p.-p‘  *" 


r  leads  to 


<'  *?>^ 


(42b) 


If  ;he  Input  resistors  R.  and  R,  are  much  less  than  R.  ,  then  the  pressure 
at  the  junction  Is  L 


,  .  V^L 

°  Trr 


(Me) 


If  Rj  ■  Rj,  then  r  -  1  and  the  junction  pressure  Is  approximately 


Pi  +  P2 


(42d) 
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Thus,  by  letting  R^  *  R2  <<  R^,  the  half  sum  (average)  of  the  Input 

pressure  p  and  p  is  produced  independently  of  the  exact  values  of 
1  2 

R,,  R2 ,  and  R^.  I f  Rj  ■  R2  ■  R^  then  pQ  -  (pj  +  p,)/3.  The  same  type 

of  configuration  used  in  the  fluidic  node  may  also  be  used  as  a  passive 
fluidic  summing  junction.  Tradeoffs  must  also  be  made  between  the 
impedance  and  the  one  dimensionality  of  the  passive  fluidic  summing 
junction. 

Turnquist  (ref  6)  uses  a  stilling  chamber  in  constructing  a 
passive  sinmlng  junction  (fig.  1 4) .  Capillaries  can  then  be  simply 
connected  as  branches  to  the  passive  summing  junction. 


enclosed 

VOLUME  1 


Figure  14.  Passive  summing  junction 

Junctions  used  in  the  present  studies  are  the  enclosed  volumes 
(discussed  in  section  3-2).  The  simplest  equivalent  circuit  for  a 
passive  summing  junction  is  identical  with  a  simple  model  of  a  node.  It 
is  a  capacitor,  C,  between  the  connection  point,  IN,  and  ground  (fig.  15)  • 


Figure  15.  Simple  equivalent  circuit  for  passive  summing  junction 

3.4.2  Passive  Fluidic  Distribution  Junction 

The  passive  fluidic  distribution  junction  is  a  device  that 
receives  an  input  pressure  Pj  and  applies  a  reduced  part  of  it  to  two 
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or  more  output  loads.  In  such  a  manner*  the  same  output  driving  pressure 
can  be  applied  to  each  of  the  loads,  regardless  of  the  geometry  and  the 
pressure  level.  As  In  the  consideration  of  a  fluidic  junction,  tradeoffs 
between  momentum  effects  and  the  impedance  must  be  made  in  certain  cases. 

The  passive  distribution  junction  may  be  viewed  as  a  passive 
junction  In  conjunction  with  linear  resistors  (fig.  16). 


Figure  16.  Passive  distribution  junction  in  system 

The  simple  equivalent  circuit  for  the  passive  fluidic  distriiution 
junction  is  nlso  identical  with  a  simple  model  of  a  node  (fig.  1i).  It 
is  a  capacitor,  C,  between  the  connection  point,  IN,  and  ground  (fig.  17). 


Figure  17-  Simple  equivalent  circuit  for  passive  distribution  junction 
k.  COMPUTER-AIDED  CIRCUIT  ANALYSIS 


lo  complement  the  circuit  models  that  have  been  developed  in 
section  3,  methods  are  required  for  computing  the  response  of  these 
models,  for  evaluating  these  models,  and  for  selecting  the  best  models 
In  network  designs.  This  section  cites  a  few  methods  of  computing  the 
response  of  circuit  models.  Useful  methods  include  manual  techniques, 
analog  computer  techniques,  and  digital  computer  algorithms. 

The  digital  computer  Is  useful  in  at  least  two  ways  for  performing 
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circuit  analysis.  First,  input  format  to  the  circuit  analysis  program 
of  the  digital  computer  is  extremely  easy  to  code.  Second,  self* 
organizing  schemes  allow  circuit  equations  to  be  formed  and  solved 
internally  by  the  computer  when  only  component  values  and  interconnections 
are  provided. 

Many  circuit  analyses  programs  including  CIRCUS,  ECAP,  ECAP  II, 

NtT-1 ,  NET-2,  SCEPTRE,  SINC,  SLIC,  SPICE,  and  TRAC  are  currently 
available  at  HDL.  Most  of  these  have  been  written  for  solving  large 
electronic  circuits.  To  date,  no  single  circuit  analysis  program  has 
been  written  solely  for  fluidic  circuits.  Reference  1*t  gives  a  detailed 
description  of  two  programs--SLI C  (ref  21)  and  NET-2  (ref  22)--that  have 
been  converted  for  fluidic  circuit  analyses.  If  self-organizing  schemes 
for  equations  are  not  desired,  then  circuit  equations  may  be  solved  with 
such  programs  as  DSL/90  (ref  23)  or  even  simply  in  FORTRAN. 

Steady-state  d-c  analyses,  small  signal  steady-state  a-c  analyses, 
and  time  dependent  analyses  may  be  performed  on  a  digital  computer  for 
both  passive  and  active  circuits.  Also,  sensitivity  analyses  and 
optimization  routines  are  available  in  many  digital  computer  schemes. 

In  reference  )i«,  general  passive  circuit  analyses  are  implementeo 
in  SLIC  and  NET-2  so  that  both  amplitude  and  frequency-dependent  fluidic 
circuits  may  be  solved.  Simultaneity  of  solutions  is  assured  at  each 
operating  point  for  both  of  these  programs.  In  both  SLIC  and  NET-2, 
the  computational  approach  is  designed  to  solve  the  complete  set  of 
circuit  equations  simultaneously  at  each  selected  operating  pol\r. 

Initial  guesses,  usually  based  on  previous  results,  are  used  to  start 
iterative  calculations.  Then  the  iteration  process  is  performed  until 
the  difference  between  successive  solutions  is  minimized  within  an 
allowable  error. 

Less  sophisticated  approaches  do  not  use  as  much  care  in 
calculating  circuit  response.  Instead,  accuracy  of  response  variables 
is  traded  off  against  complexity  and  computer  cost. 

•n  cases  where  circuit  equations  are  not  solved  simultaneously, 
if  starting  approximations  are  good  because  computational  points  are 
taken  close  together ,  results  can  be  very  good.  However,  In  general  when 
a  system  of  circuit  equations  lacks  simultaneity  of  solution,  response 
errors  can  compound  significantly  as  successive  guesses  are  based  on 
increasingly  less  valid  starting  values. 

5.  EXPERI MEf TAL  STUOIES 


The  next  objective  discussed  is  the  evaluation  of  equivalent 
circuit  models  of  fluidic  components.  Evaluation,  in  the  context  of 
this  study,  is  a  qualitative  assessment  of  the  agreement  between  the 
measured  response  of  the  fluidic  network  and  the  calculated  response  of 
several  circuit  models.  The  evaluation  procedure  shows  how  changes  in 
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the  nodels  improve  agreement  relative  to  changes  of  the  structure  of  the 
expressions  for  component  values  and  of  equivalent  circuit  topoloqy. 

As  a  basis  for  evaluating  models  of  various  passive  fluidic 
components,  experimental  studies  have  been  run  in  the  laboratory  on 
individual  components  and  on  components  connected  as  subsystems.  Both 
dc*  and  ac-response  tests  were  run  in  these  studies.  The  dc  tests  were 
run  on  capillaries.  The  tests  were  run  on  summing  and  distribution 
junctions  and  on  compensation  networks,  including  lead,  lag,  and  lag* 
lead  subsystems.  The  a-c  tests  were  not  conducted  on  individual 
components  in  this  study. 

Fluidic  components  have  been  selected  that  would  be  typically 
used  in  fluidic  systems.  The  hardware  discussed  in  sections  5,  6,  and 
7  are  four  types  of  modular  components:  (1)  capillary  modules,  (2)  en¬ 
closed  volumes,  (3)  bellows  modules,  and  (4)  diaphragm  modules.  Each 
of  the  individual  hardware  components  is  designed  to  be  compatible  both 
with  the  others,  to  assure  interchangeability  among  various  subsystems, 
and  wi th  other  fluidic  hardware,  including  pressure  transducers. 

Modules  are  made  of  a  variety  of  materials  including  brass, 
aluminum,  plexiglass  and  porcelain.  Most  connectors  use  teflon  seals 
on  the  threads  to  prevent  leaks. 

All  measurements  presented  herein  represent  data  using  air  at 
20°C  as  the  working  fluid. 

5.1  DC- Response  Measurements 

The  dc- response  measurements  were  made  on  components  that 
dissipate  energy.  For  these  components  both  steady-state  pressure  drops 
between  nodes  and  through  flows  were  measured  on  a  static-test  stand 
(fig.  18).  In  the  static  tests  a  pressure  differential  was  established 
between  a  regulated  pressure  source  and  ambient  pressure.  One  end  of 
the  test  element  was  connected  to  the  source  and  the  other  was  exhausted 
through  a  flow  meter  to  ambient. 


'IfFCftf NTIAt-  MUOCI  O'  T'AHSPVCII 


A  plot  of  pressure  drop  versus  volume  flow  was  obtained  by 
sweeping  the  regulated  pressure  source  slowly  enough  through  a  range  to 
provide  repeatability  when  the  motor  first  opens  and  then  closes  the 
pressure  regulator. 

The  steady-state  pressure  drop,  Ap,  across  the  component  was 
measured  either  on  a  pressure  gauge  or  with  a  low  frequency  differential 
pressure  transducer,  such  as  an  electronic  manometer.  At  low-flow 
rates,  volune  flow,  Q,  was  measured  with  a  laminar  flow  meter.  Volume 
flow,  Q,  was  indicated  as  a  pressure  drop,  Ap1,  proportional  to  Q  so  that 

Q(Ap')  -  kj  Ap'  ,  (5.1) 

where  kj  is  the  proportionality  constant.  This  pressure  drop,  Ap',  may 

also  be  measured  either  on  a  pressure  gage  or  with  a  low-f requenev 
pressure  transducer. 

The  resultant  data,  stat i c-pressure  drop,  Ap,  was  plotted  as  a 
function  of  the  volume  flow,  Q,  on  an  x-y  plotter.  The  instantaneous 
slope  of  Ap  versus  Q  is  the  resistance,  R,  of  the  component  being  tested. 


If  the  plot  of  Ap  versus  Q  is  a  straight  line  through  the  origin  and 
the  slope  Is  constant,  the  resistance  has  a  constant  value, 

(5.3) 

The  d-c  response  for  several  bundles  of  capillaries  used  in 
the  various  configurations  was  measured  on  the  static-test  stand. 

Several  porcelain  capillary  modules  with  either  8  or  25  parallel  cylindri¬ 
cal  capillaries  were  selected.  Each  capillary  has  an  internal  radius 
of  approximately  1.525  x  10*4m.  Capillary  modules  were  cut  from 
sections  that  are  approximately  C.3  m  in  length.  The  diameter  of  each 
module  is  approximately  2.5  x  10"3m.  By  individually  fitting  teflon 
sleeves  over  each  porcelain  module,  a  single  outside  diameter  can  be 
produced  to  assure  good  seals  with  brass  capillary  holders  in  forming 
overall  capillary  modules. 

Typical  pressure  drop  versus  flow  curves  are  shown  in  figure  19 
for  three  such  bundles.  In  each  case,  they  all  have  approximately  a 
constant  resistance. 

5.2  AC-Response  Measurements 

Steady-state  a-c  tests  were  run  on  several  fluidic  components 
and  subsystems  involving  storage  devices.  For  each  test  configuration, 
the  source  and  load  were  kept  reasonably  isolated  from  one  another. 


Figure  19.  Static  response  curve  for  capillaries 
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The  pressure  source  was  a  variable  frequency,  sinusoidal  pressure 
generator  which  has  very  low  Impedance  so  that  the  load  circuit  would 
have  approximately  an  Infinite  Impedance  relative  to  the  test  configu¬ 
ration.  A  pair  of  small,  low-frequency,  low-pressure  microphones  were 
placed  at  two  pressure  nodes  In  the  test  configuration  to  monitor  the 
pressures.  When  the  signal  generator  was  swept  through  a  range  of 
frequencies,  Bode  plots  (magnitude  ratio  versus  frequency  and  phase 
difference  versus  frequency)  were  obtained. 

For  linear  components,  since  ratios  of  nodal  response  amplitudes 
are  independent  of  the  source  amplitude,  any  source  amplitude  is 
permissible;  but  for  nonlinear  components,  by  restricting  a-c  tests  to 
small  signal  amplitudes,  linearized  response  about  some  mean  level  is 
measured. 

A-c  -ests  were  run  around  ambient  pressure  level  with  no  through 
flow.  The  frequency  range  is  from  about  1  to  200  Hz  and  the  input 
pressure  amplitude  range  is  from  about  0.02  kPa  (0.003  psl)  rms  to 
10  k?a  (1.5  psi)  rms. 

The  remaining  section  discusses  the  experimental  apparatus  (fig.  20) 
which  consists  of  (1)  a  fluidic  signal  generator,  (2)  a  fluidic  test 
configuration,  (3)  a  oresscre  transducer  system,  and  {k)  a  computation 
and  output  system.  Calibration  of  the  actual  system  and  a  very  brief 
introduction  to  the  experimental  measurements  on  the  fluidic  configurations 
are  also  discussed. 

5.2.1  Fluidic  Signal  Generator 

The  fluidic  signal  generator  shown  in  figure  20  consists  of  two 
parts  —  one  part  develops  a  periodic  electronic  signal  that  may  be 
swept  through  a  frequency  range  and  another  part  converts  the  electronic 
signal  into  a  pneumatic  test  signal.  Both  the  frequency  and  the 
amplitude  of  the  signal  can  be  adjusted  within  the  electronic  equipment. 

For  most  cases,  the  equipment  generates  a  sinusoidal  signal  that  is 
swept  through  a  frequency  range. 

Two  sinusoidal  pressure  generators  are  used.  One  is  a  shaker 
table  that  drives  a  piston  in  an  air  cylinder  (fig.  21),  the  second  is 
a  speaker  cone  used  as  a  flapper  to  modulate  a  fluidic  diffuser  nozzle 
(fig.  22). 

The  shaker  table  signal  generator  produces  a  sinusoidal  pressure 
signal,  oscillating  about  ambient  pressure.  Two  piston/cylinder  con¬ 
figurations  are  used:  (1)  a  piston  with  an  0-ring  seal,  and  (2)  a  piston 
with  an  integral  rolling  diaphragm  seal.  Because  there  is  no  leakage 
around  the  latter  cleaner  signals  can  be  produced  at  lower  frequencies 
than  with  the  0-ring  seal  generator. 

No  external  pressurized  air  source  was  used;  hence,  the  net  d-c 
flow  was  essentially  zero.  Unfortunately,  at  low  frequencies  the 


Fig  j  re  20.  Schematic  diagram  of  a-c  test  stand 


ure  22.  Speaker  cone  signal  generator 


mechanical  and  electromagnetic  components  have  a  low  s i gnal- to-noi se 
ratio,  so  that  the  dynamic  range  is  limited. 

The  speaker  cone  signal  generator  operates  in  approximately 
the  same  frequency  range  as  the  shaker  table  signal  generator.  Reduced 
noise  in  the  speaker  system,  however,  allows  It  to  have  a  wider  dynamic 
range.  Adjustments  can  be  made  in  the  speaker  cone  signal  generator  to 
minimize  the  net  throughflow. 

The  speaker  cone,  positioned  as  a  flapper  valve,  loads  a  nozzle 
and  controls  the  back  pressure.  The  main  flow  is  either  diverted  into 
the  output  nozzle  or  entrains  flow  from  the  output  nozzle.  In  this 
manner  the  generated  signal  is  a  function  of  (1)  the  spacing  between 
the  speaker  cone  and  the  control  nozzle  (2)  the  regulated  supply  pressure, 
and  (3)  the  electronic  signal  driving  the  speaker. 

Neither  signal  generator  has  been  developed  to  such  a  degree  that 
a  monochromatic,  undistorted  signal  over  the  bandwidth  of  interest 
(1  to  200  Hz)  can  be  obtained.  This  is  because  at  low  frequencies  the 
fluidic  signal  generators  do  not  operate  at  zero  impedance;  thus  energy- 
conversion  processes  tend  to  distort  the  signals.  Improved  amplitude 
regulation  at  low  frequencies  can  probably  be  attained  by  including  a 
leveling  circuit  that  uses  a  feedback  signal  to  maintain  the  generated 
signal  at  a  constant  level.  At  higher  frequencies,  the  available  energy 
is  not  sufficient  to  produce  pressure  amplitudes  as  large  as  for  lcwer 
frequencies.  Also,  resonances  in  the  generator  can  occur  within  the 
bandwidth  of  interest.  For,  example  in  the  test  midrange,  the  resonant 
frequency  of  a  mechanical  flexure  in  one  of  the  shaker  tables  was  65  Hz. 

5.2.2  AC-Pressure  Transducer  System 

The  a-c  pressure  signals  at  the  nodes  were  measured  over  wide 
pressure  amplitude  and  wide  frequency  ranges.  These  measurements  must 
be  true,  undistorted,  and  undelayed.  In  addition,  measuring  instrumenta¬ 
tion  cannot  change  the  circuit  performance  by  adding  losses  or  dynamic 
effects. 

Keeping  this  in  mind,  the  frequency  range,  amplitude  sensitivity, 
and  installation  configuration  of  pressure  transducers  become  most 
important  factors.  The  pressure  transducers  chosen  respond  from 
approximately  1  Hz  to  above  1 0 ‘  Hz,  and  are  sensitive  to  signals  as  low 
as  90  dB  (relative  to  0.0002  dyres/cm2  (2  x  10"5  Pa)).  The  system  has 
flat  response  above  about  20  Hz.  Below  20  Hz,  gain  drops  off  at  approxi¬ 
mately  20  dB  per  decade.  Phase  shift  is  approximately  zero  throughout 
the  frequency  range  of  interest.  Pressure  signals  less  than  0.003  P^i 
(20  Pa)  rms  may  be  sensed. 

A  condenser  microphone  (with  a  grill  cover)  is  approximately  an 
end  section  of  a  right  circular  cylinder  and  adds  no  fluid  volume  when 
it  is  flush-mounted  in  a  flat  wall  of  an  enclosed  volume.  Microphone 
probe  holders,  therefore,  were  designed  to  fit  flush  into  the  walls  of 


124 


enclosed  volumes.  A  microphone  was  placed  from  the  rear  into  a  brass 
probe  holder  (fig.  23)  with  3/8- 2 4  pipe  threads. 


Figure  23-  Straight  microphone  probe  holder 

At  the  rear,  a  cap  through  which  the  microphone  adaoter  passes,  forces 
a  teflon  ferrule  to  seal  a  teflon  sleeve  around  the  microphone. 

Pressure  measurements  may  also  be  made  by  placing  a  condenser 
microphone  probe  in  an  interconnecting  passage  between  two  components. 
These  (1/8  in)  diameter  microphones  fit  relatively  flush  in  the  cylindri 
cal  walls  of  lines  which  are  greater  than  twice  the  microphone  diameter. 
In  a  similar  configuration  (*ig.  24)  to  a  flat  wall  probe,  described 
above,  a  probe  was  mounted  into  one  leg  of  a  threaded  brass  tee.  The 
tee  was  joined  to  two  components  with  3/8*21*  threads. 


To  minimize  additional  contributions  to  response,  length  and 
volumes  of  air  passages  in  the  microphone  probes  are  minimized.  Expans* 
ions  and  contractions  are  used  only  when  absolutely  necessary.  Teflon 
sleeves,  seals,  and  tape  make  the  entire  test  configuration  leak  proof. 

Alternate  pressure  transducers  that  have  been  investigated  include 
(1)  variable  reluctance  diaphragm  transducers  with  carr  er  demodulators, 
and  (2)  piezoelectric  crystal  transducers  with  charge  .mpliflers.  The 
variable  reluctance  transducers  cannot  readily  be  flush-mounted;  hence, 
they  add  dynamics.  The  piezoelectric  transducers  are  a-c  devices  and 
fail  to  respond  below  about  10  Hz. 

5.2.3  Computation  and  Output  System 

The  computation  and  output  system  portion  of  the  instrumentation 
processes  input  and  output  pressure  signals  from  the  pressure  transducers. 
It  computes  the  pha,e  difference  and  the  magnitude  ratio  between  the 
output  and  input  pressure  signals  and  the  frequency  of  the  input  pressure 
signal.  These  data  are  displayed  as  oscilloscope  traces  and  as  plots 
on  an  x-y-y  plotter.  The  instrumentation  computes  the  small  signal,  a-c 
response  of  the  fluidic  system.  The  ratio  of  an  output-node  pressure 
to  an  input-node  pressure  is  the  pressure  transfer  function  between  the 
input  and  the  output  of  the  system.  These  sinuosidal  pressure  response 
data  apply  for  linear  and  almost  linear  studies,  restricted  to  small 
signals.  A  Bode  plot  is  one  of  the  most  meaningful  representations  of 
such  sinuosidal  input/output  pressure  data.  In  this  study,  both  an 
automated  method  and  a  sen i -automated  method  of  producing  Bode  plots 
are  used. 

In  the  automated  method,  used  in  the  latter  part  of  the  study, 
a  commercially  available  frequency  response  analyzer  or  a  commercially 
available  gain/phase  meter  analyze  the  output  and  input  waveforms.  A 
magnitude  ratio  and  a  phase  difference  are  displayed  versus  frequency. 

Several  seni-automated  approaches  were  used.  In  the  first  approach, 
a  phasemeter  and  a  low-frequency  a-c  voltmeter  were  used.  Phase  difference 
was  read  directly  from  the  phasemeter  and  ratios  of  the  rms  voltage 
output  signal  to  the  rms  voltage  input  signal  were  computed. 

Less  automated  Bode  plots  may  be  taken  from  oscilloscope  traces. 

One  method,  used  extensively  before  the  automated  equipment  was  obtained, 
analyzes  photographs  of  output  and  input  waveform  traces  from  the 
oscilloscope.  In  this  method  magni tude  ratios  were  calculated  from 
photographs  of  oscilloscope  waveforms.  Assuming  cure  sine  waves,  peak- 
to-peak  heights  of  both  the  inputs  and  outputs  were  measured,  multiplied 
by  appropriate  scale  factors,  and  adjusted  with  respect  to  calibration 
factors.  Then  the  magnitude  ratio  or  gain,  G,  was  calculated  and  con¬ 
verted  to  dB  gain,  G.D,  between  the  input  pressure,  p.,  and  the  output 
pressure,  pq#  as 

CdB  ■  20  '°9|0  r  (W 
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Phase  difference,  4,  was  measured  in  degrees  from  photographs 

of  oscilloscope  traces.  The  ratio  of  the  distance  between  adjacent  zero 

crossings  for  the  pair  of  pressures,  p  and  p.,  and  the  distance  between 

o  1 

consecutive  zero  crossings  of  the  input  pressure,  Pj,  was  multiplied  by 

360  deg.  Thus,  pairs  of  input  and  output  waveforms  covering  from  1.5 
to  2.5  cycles  were  monitored  simultaneously  on  an  oscilloscope,  photo¬ 
graphed  and  the  soacing  measured  by  hand. 

An  alternate  approach  that  was  not  used  in  reducing  magnitude  ratio, 

G,  and  phase  difference,  analyzes  lissajous  patterns  photographed 
from  oscilloscope  traces.  Output  and  input  signals  are  applied  to  the 
vertical  and  horizontal  amplifiers  of  an  oscilloscope.  Standard  measure¬ 
ments  on  the  Lissajous  patterns  give  the  magnitude  ratio  and  phase  differ¬ 
ence  between  the  two  signals.  However,  when  the  signals  are  non-mono- 
chromatic,  Lissajous  patterns  from  oscilloscope  traces  are  difficult  to 
read. 

5.2.1*  Microphone  Calibration 

The  input  and  output  microphones  were  calibrated  to  ascertain 
what,  if  any,  correction  factors  must  be  applied  to  the  experimental 
voltage  data.  Bode  plots  were  always  made  on  relative  a-c  measurements. 

For  this  reason  the  microphones  could  be  calibrated  in  a  relative  sense 
rather  than  in  an  absolute  sense.  Two  microphones  were  placed  in  a  tee 
at  the  output  of  the  fluidic  signal  generator  so  that  they  sensed  the 
same  pressure.  Magnitude  ratio  and  phase  difference  for  the  pair  of 
microphones  were  measured  over  the  bandwidth  and  dynamic  range  of 
interest.  For  identical  microphone  systems,  no  differences  are  expected 
In  amplitude  ratio  or  In  phase  difference. 

At  a  particular  frequency,  the  fluidic  signal  generator  was  set 
to  produce  the  required  amplitude.  Steady-state,  a-c  readings  were  made 
at  each  frequency.  The  peak-to-peak  output  amplitude  of  the  microphones 
was  read  on  the  oscilloscope.  From  the  amplitude  data,  magnitude  ratios 
were  calculated  both  as  absolute  numbers  and  as  dB  ratios;  phase  difference 
was  read  on  a  phase  meter. 

In  this  study  there  are  differences  in  magnitude  ratio  between 
the  two  mi crophones .  Thus,  calibration  factors  are  applied  to  all 
magnitude  ratio  data.  However,  phase-difference  measurements  between 
the  two  mi crophones  is  negligible. 

5.2.5  Experimental  Measurements 

Sections  6  and  7  describe  small  signal,  a-c  tests  that  were 
performed  on  fluidic  configurations  (junctions  and  compensation  networks), 
typically  used  in  control  applications.  These  configurations  were  con¬ 
structed  from  the  basic  fluidic  components  discussed  in  section  3-  For 
each  of  the  test  configurations,  fluidic  components  and  microphone  probes 
were  connected  In  airtight  breadboard  models. 
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Input  signals  at  particular  pressure  amplitudes  were  applied  at 
various  frequencies.  If  the  level  of  the  input-pressure  amplitude  did 
not  change  (was  flat)  with  respect  to  frequency,  the  frequency  band  was 
swept  slowly  enough  to  allow  both  the  fluidic  system  and  the  electronic 
instrumentation  to  come  to  quasi-steady  state  at  each  frequency.  Magni¬ 
tude  ratio  and  phase  difference  were  recorded. 

For  that  part  of  the  frequency  band,  where  the  input  signal 
is  not  flat,  response  data  were  taken  point  by  point  at  each  specified 
input  pressure  amplitude  for  several  desired  frequencies.  Magnitude 
ratios  and  phase  differences  were  then  plotted  point  by  point  as  a  Bode 
plot . 

6.  SUMMING  AND  DISTRIBUTION  JUNCTIONS 

Small  signal  a-c  tests  are  performed  on  both  summing  and  distribution 
junctions.  In  each  case,  tests  are  defined  in  terms  of  desired  test 
ranges  as  well  as  limitations  of  fluidic  harc^are  and  electronic 
i nst  rumentat ion. 

Experimental  data  are  discussed  and  evaluated  in  terms  of  how 
well  the  response  of  several  circuit  models  of  the  same  fluidic  component 
agrees  with  the  nodal  response  of  the  physical  fluidic  configurations. 
Conclusions  are  developed  to  relate  the  performance  of  various  circuit 
models  to  the  performance  of  actual  fluidic  components. 

6. I  Passive  Summing  Junction 

An  ideal  passive  fluidic  summing  junction  is  shown  in  section  3-^-l 
to  produce  an  output  pressure  that  is  proportional  to  the  weighted  sum 
of  two  or  more  input-pressure  signals.  As  long  as  the  input  resistors 
are  much  smaller  than  the  load  resistors,  the  output  pressure  is  indepen¬ 
dent  of  the  resistance  values.  However,  to  minimize  pressure  attenuation 
through  the  junction,  it  becomes  necessary  to  limit  the  resistance  between 
the  input  and  the  output.  Therefore,  inequality  relationships  on  load 
resistance  are  not  followed  in  this  section.  The  desired  equivalent 
circuit  for  a  passive  simming  junction  with  two  input  resistors  and  one 
load  resistor  is  given  in  figure  25. 


"i 


Figure  25.  Simple  equivalent  circuit  of  passive  summing  juncl  ton 
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In  the  simplest  one-to-one  substitutions  between  the  equivalent 
circuit  (fig.  25)  and  actual  physical  hardware,  each  resistor  is  replaced 
by  a  capillary,  so  that 

Rj  -*  capi  I  lary  1 , 

R2  •*  capi  I  lary  2,  and 
Rj  -»  capi  I  lary  3- 

The  junction  is  replaced  by  an  enclosed  volume,  an  air  cylinder,  in 
this  case  so  that 


Node  p  ■*  vo  I  une  I . 

*0 

Hardware  for  the  er  jsed  volume  was  first  made  by  simply 
modifying  a  pneumatic  cylinder.  Modifications  permit  four  fluidic 
components  or  pressure  probes  to  be  connected  to  the  cylinder  as  shown 
in  figure  26. 


Figure  26.  Modified  air  cylinder  as  an  enclosed  volume 

In  this  model,  the  dimensions  are 

rt  -  2.38  x  10" 3m, 

-  2.286  x  10"2m, 

w  *  1.270  x  10“2m, 

r2  -  1 .270  x  10"2m,  and 

l2  -  1.5  x  10_1m 

The  small  (though  finite)  minimum  volume  Vj  is  calculated  to  be 
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V  -  (w2  -  (k  -  n)r  2)£  -  3-58  X  10-6  m3. 

(**«) 

The  total  volume,  V,  is  continuously  adjustable  from  Vj  to  a  maximum 
al lowable  vol ume. 

The  total  volume  including  the  minimum  volume  is 


(w2  -  (*»  -  TT>  r  x  2 )  ♦  it  T  *  1 ?  , 

(M*b) 

[3.58  x  10‘6  ♦  1 .61  x  10-4  l2} m3  . 

(****c) 

The  range  of  volume  is  3-58  x  10*6  m3  to  approximately  80  x  10'6  m3.  Un¬ 
fortunately,  slight  leaks  around  the  0-ring  did  not  permit  measurements 
at  low  frequencies.  At  higher  frequencies,  the  impedance  of  a  leak 
becomes  high  with  respect  to  the  system  impedance,  and  hence  becomes  a 
negligible  factor. 

An  Improved  enclosed  cylindrical  volume  (fig.  27)  with  r  ■  2.5*«  x 
10"2  m  accepts  as  many  as  five  components  or  probes.  This  improved 
configuration  proved  not  only  to  be  airtight  but  also  to  be  continuously 
adjustable  in  height,  h,  from  0  m  to  2.5**  x  10‘2  m.  The  volume,  V,  varies 
from  virtually  0  m3  to  50  x  10"6  m3.  However,  the  minimum  useable  height 
is  approximately  about  tmm,  which  is  equivalent  to  a  volume  of  6.**5  x 
10*7  m3. 


Figure  27-  Improved  enclosed  volume 
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Figure  28.  Test  configuration  for  passive  summing  junction 

The  fluidic  signal  generator  (fig.  28)  Is  connected  with  a  tee 
connection  to  both  capillary  1  and  capillary  2.  In  a  true  systems 
application,  pressures  from  separate  signal  sources  would  be  introduced 
into  the  summing  junction.  The  loading  capillary  3  exhausts  to  ambient 
pressure,  p^. 

Each  of  the  three  bundled  parallel  capillaries  contains  25  capillary 
passages,  0.1525  mm  (0.012  in.)  in  diameter  and  about  6.5  cm  (2.5  in.) 
in  length.  The  junction  is  the  volume  of  figure  27  within  the  large 
air  cylinder,  5.1  cm  (2.0  in.)  in  diameter  with  a  depth  of  1.0  mm  (0.04  in 
Capillary  modules  and  microphone  probes  are  sealed  into  the  junction  with 
teflon  sleeves. 

This  junction  Is  tested  over  a  2.5‘  to  200-Hz  range  with  input- 
p-sssure  amplitudes  between  about  25  and  62  Pa.  The  microphones  are 
calibrated  over  the  same  bardwidth  and  pressure  ranges.  In  the  20  mV  rms 
and  50  mV  rms  output  ranges  for  the  microphones,  corresponding  to  approxi¬ 
mately  25  and  62  Pa  rms,  th<  calibration  curves  for  the  two  microphones 
are  slightly  different. 

Magnitude  ratios  and  phase  differences  are  measured  (ref  24)  for 
the  sunming  junction  (fig.  28)  with  the  following  dimensions: 

Capillary  1:  N  -  25,  r  -  1.525  x  10'V  l  -  .0635m,  R  -  1.07  x  108  -r^3 — 

m4  sec 

Capillary  2:  N  -  25,  r  -  1.525  x  10’Sn,  l  -  .0635m,  R  -  1.39  x  10®  -r^3— 


Car. illary  3=  M  -  25,  r  -  1.525  x  10"un,  t  -  .0635  m,  R  -  1.36  x  10f 

Volume  1:  r  -  2 . 5**  x  10"2n,  h  ■  1.02  x  10_2m 

Microphone  1: 

Sensitivity  -  .81  mV/Pa, 

Capacitance  -  3-21  pf  (picofarads). 

Calibration  -  20  mV/25  Pa,  50  mV/62  Pa  ?  100  Hz. 


m1*  sec 


Microphone  2: 

Sensitivity  -  .82  mV/Pa, 

Capacitance  -  3-21  pf  (picofarads). 

Calibration  -  16  mV/25  Pa,  42  mV/62Pa  §  100  Hz. 

Correction  factors  from  both  the  25-  and  62-Pa  calibration  data 
were  applied  to  the  measured  magnitude  ratios.  Corrected  Bode  plots  for 
magnitude  ratio,  G._,  are  shown  with  25*  and  62-Pa  calibration  data  in 
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figure  29a.  It  is  felt  that  these  correction  factors  fairly  well  bracket 
the  experimental  data  range.  The  measured  phase  difference,  $,  is  plotted 
with  25"  and  62-Pa  calibration  data  in  figure  29b. 

To  get  a  view  of  the  validity  of  circuit  models  of  components  in 
the  summing  junction,  a  few  simple  linear  circuit  models  were  selected. 

The  least  expensive  linear  circuit  analysis  program  in  HDL  is  ECAP 
(sect  4  and  ref  25),  run  on  the  IBM  1130  computer. 

Values  (  f  resistance  for  the  capillaries  were  taken  from  their 
static-calibration  curves  (fig.  19).  Capacitance  and  inductance  values 
were  calculated  for  linear  models  for  capi'laries  (sect  5.1)  in  equation 
(45)  and  (46), 


where  (see  sect  3-2)  n 
frequencies;  and 


*  1  at  lower  frequencies  and  n  ^  1.4  at  higher 


L  -  A  SL,  , 

nr 


where  A  -  4/3  at  lower  frequencies  (eq  13e)  and  A  ■  1  at  higher  frequencies 
(eq  13d).  The  simple  model  of  the  junction  itself  includes  only  capaci¬ 
tance  (sect  3-2).  A  frequency  range  from  2.5  to  200  Hz  is  swept  in  the 
ECAP  programs.  In  Bode  plots  (fig.  29  a,  b),  theoretical  curves  A  through 
G  are  plotted  (1)  for  capillaries  modeled  as  R  and  RLC,  (2)  for  the 
polytropic  coefficient,  n  =  1  and  n  ■*  1.4  and  (3)  for  the  inertance 
coefficient,  A  -  1  and  A  -  4/3. 


In  examining  the  experimental  results,  It  is  noted  that  the  simplest 
model  (curve  A)  in  figures  29a,  b  is  based  on  the  assumptions  that 

(1)  capillaries  are  simply  resistors,  and 

(2)  the  node  has  zero  impedance, 


giving 


G  ■=  -3-52  dB,  (47a) 

$  =  0  deg.  (47b) 

These  values  are  quite  close  to  the  low  frequency  experimental  response 
in  figures  29a,  b.  The  corrected  experimental  values  for  low-frequency 
magnitude  ratio,  G,  are  within  at  worst  .75  dB  or  9  percent  off  from  the 
predicted  low-frequency  value. 

The  response  of  the  summing  junction  drifts  away  from  the  desired 
constant  value  at  higher  frequencies.  The  constant  resistive  models  of 
the  capillaries  along  with  the  zero-dynamics  model  of  the  junction  are 
the  only  models  that  fail  to  predict  a  change  from  a  constant  value. 

The  best  linear  models  of  those  calculated  include  the  following: 

For  the  capillary,  the  measured  value  of  resistance  along  with 
the  low-frequency  inductance  gives  the  best  fit  to  the  magnitude  ratio 
data. 


The  measured  resistance  value  along  with  the  high-frequency 
inductance  for  the  capillary  gives  the  best  fit  to  the  phase-difference 
data. 

The  low-frequency  model  of  the  capacitor  is  best,  both  in  the 
capillary  and  in  the  junction. 

All  of  these  models  of  the  summing  junction  with  the  exception 
of  the  constant  valued  one  agree  fairly  well  with  experimental  data  up 
to  about  25  Hz. 

6.2  "'assive  Distribution  Junction 


The  approach  to  the  passive  fluidic  distribution  junction  is 
identical  with  the  passive  summing  junction  approach  in  section  6.1.  An 
equivalent  circuit  for  the  passive  distribution  junction  (fig.  30)  has 
one  input  resistor  Rj  to  the  junction  and  two  output  resistors  R2  and  R3 
from  the  junction. 
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Figure  30.  Simple  equivalent  circuit  of  passive  distribution  junction 


Again  in  the  design  of  physical  hardware,  there  is  a  one-to-one  replace¬ 
ment  of  the  resistors  by  capillaries  and  the  node  by  an  enclosed  volume 

Rj  ■»  Capi  1  lary  1 , 

R2  -*■  Capi  1 1  ary  2, 

Rj  -»  Cap!  1 1  ary  3,  and 
Node  p2  ■*  Vol  ume  1  . 

The  test  configuration  (fig.  31)  includes  a  fluidic  signal 
generator  at  the  input  and  two  load  capillaries  exhausting  to  ambient 
pressure,  p^. 


Figure  31 •  Test  configuration  for  passive  distribution  junction 

The  same  capillaries  and  the  same  enclosed  volume  from  section  6.1  were 
used  in  these  tests.  The  25”  and  62-Pa  calibration  curves  were  applied 
to  the  measured  magnitude  ratio  data.  Corrected  Bode  plots  are  presenteo 


In  figures  32a  and  32b.  ECAP  programs  were  written  for  the  distribution 
junction  and  the  resulting  theoretical  Bode  plots  for  linear  models  are 
presented  as  curves  A  through  G  In  figures  32a,  b.  The  three  features 
of  the  models  that  were  varied  to  prepare  these  plots  were  (1)  the 
capillary  was  an  R  or  an  RLC,  (2)  the  polytropic  coefficient,  n,  was 
1.0  or  1.4,  and  (3)  the  Inertance  coefficient,  was  1  or  4/3.  To  check 
the  accuracy  of  the  test  results,  again  the  simplest  models  were  considered 

(1)  capillaries  are  resistors, 

(2)  node  has  zero  impedance 

Theoretical  the  low  frequency  or  d-c  results  from  these  simple  models 
are 


G  -  -9. 54  dB,  (48a) 

$  -  0  deg.  (48b) 

These  predicted  values  are  quite  close  to  the  experimental  low-frequency 

values  as  can  be  seen  in  fig.  32.  The  corrected  low-frequency  magnitude 

ratio,  G,„,  is  within  at  worst  0.70  dB  or  8  percent  of  the  predicted 
do 

low-frequency  value  up  to  50  Hz. 

Again  all  data  are  flat  to  about  25  Hz.  Each  of  the  linear  models 
agrees  quite  well  up  to  approximately  this  point.  The  models  found  best 
for  the  distribution  junction  are  also  best  for  the  summing  junction. 
From  the  magnitude  ratio  plot  the  capillary  appears  to  be  best  modeled 
with  the  measured  resistance  and  a  low-frequency  inductance.  The  phase- 
difference  plot  indicates  that  the  capillary  Is  best  modeled  with  the 
measured  resistance  and  the  high-frequency  inductance.  The  junction  is 
best  modeled  by  a  low-frequency  capacitance. 

7.  COMPENSATION  NETWORKS 


There  are  many  applications  in  fluidics  as  well  as  other 
technologies  in  which  compensation  networks  are  useful.  It  is  possible 
to  implement  a  few  such  compensation  networks  solely  by  passive  circuitry. 
For  completeness,  brief  reviews  of  general  compensation  networks  and 
fluidic  compensation  networks  are  presented  first.  Similarities  and 
differences  between  the  fluidic  networks  and  the  general  theory  are 
discussed;  finally,  several  examples  of  fluidic  compensation  networks 
are  presented. 

These  studies  are  intended  to  demonstrate  'joth  the  use  of  certain 
fluidic  components  in  subsystems  and  the  application  of  the  fluidic 
circuit  models  (sect  3)  in  representing  fluidic  subsystems.  For  each 
of  the  compensation  networks  studied,  a  simple  equivalent  circuit  is 
presented  where  a  fluidic  component  replaces  each  element  of  the  equivalent 
circuit  on  a  one-to-one  basis.  Then  a  new  overall  equivalent  circuit  is 
drawn  to  include  added  dissipative  and  storage  elements. 
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Experiments  were  conducted  and  the  results  are  presented  along 
with  the  theoretical  predictions,  calculated  by  computer,  which  are 
compared  with  the  experimental  results. 

7. 1  An  Approach  to  Fluidic  Compensation  Networks 

In  terms  of  a-c  signals,  a  compensation  network  is  typically  placed 
in  a  system  to  adjust  both  signal  magnitude  (attenuation)  and  signal 
phase  to  improve  stability.  The  simplest  compensation  network  is  a 
passive  series  equalization  network  composed  of  resistors  and  capacitors. 

It  may  be  placed  in  the  forward  loop,  the  feedback  loop,  or  the  load 
of  a  larger  system.  Overall  system  stability  may  be  modified  through 
careful  selection  of  the  configuration  of  the  compensation  network  and 
of  the  values  of  its  resistors  and  capacitors. 

Compensation  networks  may  be  designed  independently  from  the 
overall  system  in  terms  of  constraints,  both  in  the  complex  frequency 
domain  and  in  the  time  domain.  Constraints  in  the  complex  frequency 
domain  may  be  specified  for  gain  margin,  phase  margin,  peak  resonance, 
or  bandwidth.  Constraints  in  the  time  domain  may  be  specified  for  rise 
time,  delay  time,  settling  time,  or  overshoot. 

Basic  compensation  networks  are  phase  lead,  phase  lag,  and 
combinations  of  phase  lead  and  phase  lag.  in  a  phase  lead  circuit, 
attenuation  is  found  to  be  greater  at  low  frequencies  so  that  the  amplitude 
ratio  increases  monoton ical ly  as  a  function  of  frequency.  Phase  angle 
difference  increases  to  a  peak  and  then  decreases  with  frequency.  A 
basic  configuration  and  a  typical  Bode  plot  for  phase-lead  compensation 
are  shown  in  figure  33* 


(a)  Equivalent  circuit 


(b)  Bode  plot 


Figure  33-  Phase  lead  compensation 
In  this  case,  a  parallel  combination  of  resistors  and  capacitors 
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was  placed  between  the  Input  and  output  and  a  resistor  was  shunted  to 
ground.  The  transfer  function  for  the  above  phase  lead  network  is 


G 


p°(s)  .  i_  iliilll 

P^T  "  9,  1  ♦  Tjs 


m 


where  the  constant  g;  >  1,  Pj  and  pQ  are  the  input  and  output  signals 

respectively,  Tj  is  the  time  constant,  and  s  is  the  independent  Laplace 
vari able. 

In  phase-lag  compensation,  the  amplitude  ratio  is  found  to  decrease 
monotonica I ly  as  a  function  of  frequency.  As  the  attenuation  increases, 
the  phase  angle  decreases  and  then  increases.  A  basic  configuration 
for  a  phase- lag  compensation  network  and  a  typical  Bode  plot  are  shown 
in  figure  3^- 


(a)  Equivalent  circuit 


(b)  Bode  plot 


Figure  3^-  Phase-lag  compensation 


In  this  case  a  resistor  is  placed  between  the  input  and  output 
and  a  series  combination  of  a  resistor  and  capacitor  is  shunted  to  ground. 
The  transfer  function  for  a  phase- lag  network  is 


p  (s)  1  +  g.,  T0s 

G  "FTTH"  "1  ♦T,s: 


(50) 


where  g„  <  1  and  T  is  the  time  constant. 

2  2 


To  take  advantage  of  both  phase  lead  and  phase- lag  compensation 
while  eliminating  some  of  the  disadvantages  of  either  method  used 
separately,  lag-lead  or  lead-lag  compensation  networks  are  used.  These 
more  sophisticated  circuits  have  additional  free  parameters  that,  In 
general,  can  be  adjusted  to  meet  more  of  the  specifications.  A  basic 
configuration  for  a  lag-lead  or  lead-lag  compensation  network  in 
figure  35. 
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Figure  35.  Lag- lead  compensation  network 

In  this  network,  a  combination  of  parallel  resistors  and  capacitors 
is  placed  in  series  between  the  Input  and  output  while  a  series  combinat¬ 
ion  of  resistors  and  capacitors  is  placed  in  shunt  to  ground.  For  the 
configuration  shown  in  figure  35*  the  transfer  function  is 

PQ(s)  (1  ♦  g3  T3s)  (1  +  g4  Tl(s) 

G  ‘  FTHT  ”  (1  +  t3s)  ( 1  +  T4s)  ’  (51) 

where  the  constant  g3  >  1  and  the  constant  g4  <  1 ,  and  T3  and  are  two 
time  constants. 

Solving  a  compensation  network  Involves  determining  values  (where 
possible)  of  the  parameters  gj  and  T|  that  best  satisfy  the  constraint 

specifications.  Values  of  resistance  and  capacitance  are  calculated 
from  these  parameters.  In  some  cases,  however,  values  of  resistance 
and  capacitance  cannot  be  determined  to  satisfy  specified  constraints 
for  every  circuit  topology. 

7- 2  Passive  Fluidic  Compensation  Networks 

The  approach  to  passive  fluidic  compensation  networks  is  similar 
to  the  approach  discussed  in  section  6  for  passive  summing  and  distribution 
junctions.  Passive  fluidic  compensation  networks  were  implemented  to  a 
first  approximation  by  using  available  fluidic  components  on  a  one-to-one 
basis  in  replacing  ideal  circuit  elements.  Capillaries  replaced  resistors, 
enclosed  volumes  were  used  for  grounded  capacitors,  bellows  modules  and 
diaphragm  modules  were  used  instead  of  point-to-point  capacitors,  and 
small  enclosed  volumes  were  used  for  nodes.  However,  it  should  be 
remembered  that  most  fluidic  components  are  not  ideal;  hence,  there  is 
a  limit  to  the  bandwidth  and  response  if  one-to-one  replacement  is  used. 

Input  pressures  to  a  typical  compensation  network  may  be  the 
pressure  signals  from  the  outputs  of  proportional  amplifiers  and  similarly 
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the  output  pressure  of  the  compensation  network  may  be  the  Input  pressure 
signal  to  the  controls  of  another  proportional  amplifier. 


However,  as  a  first  app-ox imat Ion,  assume  that  the  input  is  a  zero- 
impedance  (or  ideal)  source,  and  that  the  output  looks  Into  a  constant 
linear  load  (a  linear  load  (a  linear  capillary). 

Several  passive  pneumatic  fluidic  networks  were  experimentally 
investigated.  In  the  following  sections  these  experimental  results  are 
compared  with  computer  predictions,  using  models  presented  in  section  3- 

7. 3  Fluidic  Lag  Network 

Several  passive  fluidic  components  including  capillary  modules, 
an  enclosed  volume,  and  a  summing  junction  are  connected  as  a  lag  network 
A  simple  equivalent  circuit  (fig.  36)  for  a  lag  network  is  represented 
as  a  series  resistor,  R  ,  between  the  input  and  output  and  a  capacitor, 

C  ,  shunted  to  ground  at  the  output 


Figure  36.  Schematic  diagram  of  simple  lag  network 

The  simple  equivalent  circuit  maybe  implemented  in  fluidic 
hardware  as  shown  schematically  in  figure  37. 


’’.esistor,  R  ,  is  replaced  by  capillary  1.  Node  OUT  and  the  capacitor,  Cj  , 
are  replaced  by  volume  1. 


The  remaining  fluidic  hardware  in  figure  37  is  a  signal 
generator,  a  linear  load,  and  microphones  at  nodes  OUT  and  IN.  The 
pressure  generator  In  these  tests  is  the  Electrodyne  piston  generator. 

In  producing  a  configuration  that  is  somewhat  typical  of  projected  systems 
configurations,  capillaries  2  and  3  are  Included  as  a  pair  of  parallel 
finite  output  loads.  Thus,  node  OUT  is  actually  a  passive  distribution 
junction.  In  view  of  the  added  har&vare,  the  equivalent  circuit  for 
the  test  configuration,  using  the  simplest  of  models,  l.e.,  a  capillary 
as  a  resistor  and  a  volume  as  a  capacitor,  is  shown  in  figure  38.  Note 
the  resistance  In  capillaries  2  and  3  is  combined 
x 


that  for  s impl i ci ty 
and  denoted  as  R,  r 


^‘capillary  2^ 
^capi  llary  2^ 


^capillary  3* 
+  ^capillary  3 


Figure  38.  Resistive  circuit  model  of  experimental  lag  network 

£  transfer  function  for  this  circuit  may  be  developed  from  the 
circuit  equations.  In  the  complex  frequency  domain,  the  transfer  function 
between  node  IN  and  node  OUT  is  given  as  equation  (52). 

P2(s)  Ft*  , 

r  R> Ci  l  ’ 

l  r.  ♦  r2  sJ 

Values  of  resistors,  R  and  ,  and  capacitor,  Cj,  are  calculated  from 

the  relationships  (in  terms  of  geometry  and  fluid  properties)  in  section 
3  for  capillaries  and  enclosed  volumes. 

For  the  capillaries  used  in  these  test  configurations,  the  capacitive 
reactance  is  insignificant  when  compared  with  the  inductive  reactance. 
Thus,  only  resistance  and  inductance  of  the  capillaries  are  considered 
in  the  following  discussion.  When  models  of  the  capillary  include  both 
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resistance  and  inductance,  the  equivalent  circuit  for  the  physical 
implementation  (fig.  37)  may  be  drawn  as  figure  39-  Here  again  inductance 
In  capillaries  2  and  3  is  combined  and  written  as 

^capi  1 1  a ry  2^  x  ^*~capi  1  lary  3^ 

^2  "  (\  I  +  (L  I 

'cap i 1 1  ary  l’  'Lcapillary  y 


Figure  39.  Resistive  and  inductive  circuit  model  of 
experimental  lag  network 


The  transfer  function  between  node  OUT  and  node  IN  may  be  written 
as  equation  (53), 

P2(s)  R2  +  L2  s 

"  (kj  +  R2)  +  (L j  +  L2  +  Cj  R,'  R,)  s  +  Cj  (RjL2  +  RjL^s*  +  CjLjL2sj 

(53) 


7.3*1  Sens! tivi ty  Analysis 

Of  interest  to  the  engineer  is  the  change  in  phase  difference 
with  respect  to  changes  of  the  length  of  the  capillaries  and  with  respect 
to  the  volume  of  the  enclosed  volume.  A  sensitivity  analysis  is  used  for 
determining  these  results. 

Within  the  framework  of  fluidic  circuit  analysis,  it  is  possible 
to  calculate  the  influence  that  one  or  more  circuit  parameters  (or  values) 
will  have  upon  an  overall  performance  of  the  equivalent  circuit  representa¬ 
tion.  These  calculations  are  performed  in  terms  of  a  sensitivity  analysis. 
A  sensitivity  analysis  computes  the  rate  of  change  of  response  variables 
at  a  specified  operating  point  as  functions  of  specified  circuit  parameters 


7*3*2  Sensitivity  Analysis  for  Added  Dynamics  in  a  Fluidic  Lag  Network 
A  sensitivity  analysis  was  performed  to  determine  the  added  phase 


difference  that  is  attributed  to  inductance  accompanying  resistance 
in  the  capillaries,  and  capacitance  added  at  the  output  node  in  the 
enclosed  volume.  The  change  of  response  as  a  function  of  changes  in 
lengths  and  volumes  was  calculated.  Here,  sensitivity  analysis  determines 
phase  shift  per  unit  length  as  a  function  of  the  inductance  of  each 
capillary,  and  phase  shift  per  unit  volume  as  a  function  of  the  capaci¬ 
tance  of  node  OUT. 


Gain  for  the  res isti ve- induct i ve  circuit  model  of  the  lag  network 
is  obtained  from  the  transfer  function  (eq  53)  as 

R2  +  jL2u 


[Rj  +  R2  -  Cj (RjL2  +  R2Lj)wj]  +j[(L2(Lj  +  L2)  -  R22CjLj)u2  -  ClL1L22u>v]‘; 


from  which  phase  difference  angle  41  is 


f(jw)  ^  crcccn 


‘  (R.L2  -  R,L1  -  R,R22Cj)w  -  R.C,L22 

*2  (*t  -  *2)  +  CL2  (L;  +  L2)  -  R^CiLi] 


c1l1l2 


vj  * 


(5*b) 


Capacitance  and  Inductance,  defined  in  equation  (22)  and  ( 1 8b ) 
respectively,  may  be  rewritten  as  functions  of  node  volume  and  capillary 
length, 

c  -  <c  ♦  C  )  -  (JU  t J  ,  (55a) 


1  *  M  , 


where 


V  ■  volune  of  the  node, 
n 

C  ■  capacitance  of  the  node,  and 
n 

l  ■  capillary  length. 

Then  the  phase  difference  angle,  $,  may  be  rewritten  from  equations 
54b  and  (39a,  b)  as 
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*(j w,Vn,£1,£2)  -arctan 


v 

(-R,K2  u)  l,  +  (R.K,  u)  l?  -  (R,K22w*  +  RjR2  u)  (~  +  Cy) 


^(Rj+RjJ-R^C  KjiJ^j+K^^.ij-KjVCi+C  )lll12-K  K 


V 

“  R  2  K^,  ~  +  Kj2  u.2<132 


(56) 


Partial  cerivatives  of  the  phase*dl f ference  angle,  <j>,  may  be  taken  with 
respect  to  the  three  variables  £j,  l ,,  and  V^: 


(57a) 


-'•2 


1 


(57b) 


and 


(57c) 


The  critical  dimensions  of  the  fluidic  components  shown  in 
figure  39  and  studied  in  this  sensitivity  analysis  are 

Capillary  1:  N  -  25,  r  -  1.525  x  10'4m,  t  -  0.07m, 

Capillary  2:  N  -  25,  r  -  1.525  x  10-4m,  l  -  0.08m,  and 
Volume  I:  V  ■  3-58  x  10”6  m^. 

From  the  expressions  for  sensitivity  in  equation  (57).  the 
linearized  phase  shift  from  the  total  lengths  of  the  capillaries  and  from 
the  total  volume  of  the  junction  may  be  calculated.  Linearized  phase 
shifts  are  approximated  in  equation  (58)  as  the  products  of  total  length 
or  total  voltne  and  the  sensitivities  about  the  midpoints  of  length  and 
vo 1 ume . 


145 


*♦«.>  *ln 


(r-  V  Vn> 


(58a) 


2  »  V 


(58b) 


S6_ 

'oV 


(^1*  ^2 »  2^ 


(58c) 


The  added  linearized  phase  shift  is  plotted  as  a  function  of 
frequency  for  each  parameter:  ,  l2,  and  Vn  in  figure  40 . 


For  this  specific  lag  network  configuration  up  to  100  Hz,  the 

maximun  lengths,  (£i)  and  (£,)  ,  and  the  maximun  volune,  (V  )  , 

1  max  *  max’  n  max’ 

were  allowed  to  produce  at  most  18  deg  phase  shift  (1/20  of  a  wavelength) 

For  a  maximun  phase  lag  of  6  deg  per  fluidic  component,  the 
linearized  approximations  give  maximun  values  of 


(*»> 

U2) 


max 


max 


(V  ) 
n  max 


Hz 


Hz 


Hz 


5 . 40  cm 


uni  i mi  ted 

0. 67  cm3 


(59a) 

(59b) 

(59c) 
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Tests  on  the  fluidic  lag  network  (fig.  37)  were  performed  from 
10  to  200  Hz  at  each  of  three  input  pressures:  20,  200,  and  1000  Pa  rms. 
Because  of  limitations  In  the  exoerimental  equipment  (discussed  in  sect  5), 
some  measurements  over  this  bandwidth  and  pressure  range  could  not  be 
obtained. 


Critical  Information  pertaining  to  the  experimental  lag  circuit 
in  figure  37  is  as  follows: 


Capi 1 lary  1 : 

Capi I lary  2: 

Capi I lary  3: 
Volume  1 : 
Microphone  1: 


Microphone  2: 


N  -  25,  r  -  1.525  x  10-4m,  l  -  .07m, 

N  -  25,  r  «  1.525  x  10_4m,  l  -  .08m, 

N  -  25,  r  ■  1.525  x  10-4m,  l  -  .09m, 

V  -  3.58  x  10*6  m3 

B  6  K  |  In.,  Type  4138  -  S/N  292038 

Sensitivity  -  37-2  uV/ybar 
Calibration  -  (.12  V  peak  to  peak)/(124  dB,  ref  2  x  10"4ybar)@ 
250  Hz 

B  in.,  Type  4138  S/N  228411 

Sensitivity  -  32.0  yV/ybar 

Calibration  -  (.08  V  peak-to-peak) /( 124  dB,  ref  2  x  10-4  ybar) 
@  250  Hz 


R  -  2.38  x  108  — 

m4  sec 

R  -  2.73  x  108  -r^2 — 
m  sec 

R  -  3-07  x  108  -r^2 — 
m4  sec 


Experimental  results  are  shown  in  a  Bode  plot  (fig.  4l).  When 
compared  with  figure  34b,  this  plot  is  a  low-frequency  segment  of  a 
typical  lag  network.  As  the  magnitude  ratio  decreases,  the  phase  differ¬ 
ence  becomes  more,  negative. 


In  the  computational  models  for  the  capillaries  and  the  volume 
from  section  3.  several  simplifying  assumptions  were  made: 

(1)  The  enclosed  volume  is  a  linear,  frequency  independent 
capaci tor. 

(2)  The  enclosed  volume  is  approximately  a  rectangular  box  with 
dimensions  (1.28  x  10-2  cm)  x  (1.28  x  10"2  cm)  x  (2.30  x  10‘2  cm). 

(3)  The  polytropic  coefficient,  n  *  1.0. 

(4)  Linear  values  of  resistance,  R,  in  the  capillaries  were  computed. 
(5a)  Contributions  to  the  response  from  L's  and  C's  in  the  capillaries 

are  negl  igible. 

(5b)  Linear  values  for  the  L's  and  C's  in  the  capillaries  were 
computed. 

Small  signal  analyses  of  cases  A  (capillary  as  R)  and  B(capillary  as 
RLC)  were  computed  using  NET-2  between  1  and  200  Hz.  Bode  plots  for  these 
two  cases  are  also  presented  in  figures  41a,  b. 
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In  the  magnitude  ratio  plot  (fig.  *4la),  there  is  essentially  no 
difference  for  small  signal  analysis  between  cases  A  and  B.  Agreement 
between  experimental  results  and  theory  in  the  phase-difference  plot  was 
improved  slightly  at  the  higher  frequencies  (fig.  *4la,  b)  by  considering 
the  contribution  of  L's  and  C's  In  the  circuit  models  of  capillaries. 

7. *4  Fluidic  Lead  Network 


Several  fluidic  components,  including  capillaries,  junctions,  and 
two  different  mechanical  capaci tors--a  bellows  module  and  a  diaphragm 
module  were  also  connected  and  tested  as  a  lead  network.  The  simplest 
equivalent  circuit  (fig.  *42)  for  the  lead  network  is  a  point-to-point 
capacitor,  C  ,  between  the  input  and  the  output  with  a  resistor,  R,, 
shunted  the  output  to  ground. 


Figure  *42.  Schematic  diagram  of  simple  lead  network 

This  network  may  be  implemented  with  fluidic  hardware,  including  a 
bellows  module  as  shown  in  figure  *43. 


Figure  *43.  Fluidic  lead  network  with  bellows  module 


The  components  were  again  substituted  one-to-one  for  the  idea)  circuit 
elements.  Capillaries  replaced  resistors  and  small  fluidic  volumes 
replaced  nodes.  The  point-to-point  capacitor,  Cj,  between  the  input  and 

output  nodes  was  replaced  by  a  fluidic  bellows  module.  This  hardware 
was  made  compatible  with  the  test  hardware  by  including  a  signal  generator, 
load  capillary  2  and  pressure  transducers  at  both  node  IN  and  node  OUT. 
Ouring  the  tests,  two  sinusoidal  pressure  generators  were  used,  a  piston 
generator  and  the  speaker  cone  generator.  An  equivalent  circuit  for  the 
overall  test  configuration  (fig.  43)  is  shown  In  figure  44.  The  resistive 
portions  of  capillaries  1  and  2  are  combined  so  that 

„  _  ^capillary  1^  x  ^capillary  2^ 

1  “  (R  T'+(r  '  J 

capillary  1  capillary  2 


Figure  44.  Circuit  of  experimental  lead  network 

The  bellows  module  was  built  from  a  pneunatic  bellows  having  an 
undeflected  length,  ,  and  inner  and  outer  radii,  r5  and  r2 ,  respectively 

as  shown  in  figure  45. 


Figure  45.  Bellows  schematic  diagram 
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The  spring  constant  Is  1.09  x  104 

deflectlon  (within  the  elastic  limit)  was 
are 


.  The  permissible  maximum 
0.686  imt.  The  dimensions 


r j  -  .635  cm, 
r2  »  . 851*  cm, 

Lx  -  1.1*50  cm. 

A  fluidic  bellows  module  (point-to-point  capacitor)  is  made  by 
soldering  a  bellows  into  a  cylindrical  container  of  length  l2  with  an 

inner  radius  r3«  The  entire  package  is  of  the  form  shewn  in  figure  46, 


Figure  1*6.  Bellows  module 


whe  re 


r3  -  0.927  cm  and 

l2  -  1.777  cm 

The  voltmes,  Vj  and  V2,  of  the  two  chambers  are  approximated  as 


*^2  -  (- 


r,  +  r. 


ij]  -  2.96  cm3 


Vl“* 


ri  +  r2 


■  1.84  cm3 


(60a) 


(60b) 


The  added  resistances  and  capacitances  due  to  inlet  and  outlet  and 
added  volume  cause  dissipation  and  parasitics.  Hopefully,  it  is  possible 
to  design  a  purer  point-to-point  capacitor,  with  a  bellows  module  that 
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nininizes  these  effects  (b/  making  passages  short  and  chambers  small). 
The  critical  information  for  the  lead  network  including  the  bellows 
module  is  as  follows 


Capl I lary  1:  N  *  25,  r  ■  1 . 525  x  10" 


I!  -  .08m,  R 


Capi I lary  2: 

Node  1 : 
Bellows  1: 


Microphone  1: 
Microphone  2: 


N  -  25,  r  -  1.525  x  l0-4n,  C  -  .09m,  R  - 

V  -  3-58  cm3 

V  “  1.84  cm3,  V„  ■  2.96  cm' 

A  *  1.27  x  10“4  m?,  k  -  1.09  x  104 

sec 

Same  as  in  section  7- 3 • 3 - 
Same  as  in  section  7- 3 • 3 • 


2.73  x  108 
3.07  x  10s 


±1. 


nr  sec 

kg 


m 


sec 


Frequency  is  swept  from  2.5  to  135  H2  at  input  pressures  of  1.0  kPa  and 
2.0  kPa  rms.  Experimental  results  are  given  as  a  Bode  plot  (fig.  47a,  b) . 
When  these  results  are  compared  with  figure  33b,  they  are  seen  to  be  only 
the  high-frequency  segment  of  a  lead  network.  While  the  magnitude  ratio 
increases,  the  phase  difference  becomes  less  positive,  approaching  zero. 

Eleven  different  computational  models  from  section  3  were  considered, 
using  the  following  assumptions: 

(1)  The  bellows  nodule  is  a  Pi  of  linear  capacitors.  The  horizontal 
bar  of  the  Pi  is  a  point-to-point  capacitor.  Its  vertical  legs 
are  grounded  capacitors.  When  the  bellows  module  is  placed  at 
the  output  of  the  signal  generator,  the  grounded  input  capacitor 
is  ccnsidered  as  part  of  the  signal  generator.  This  capacitor 

is  neglected  in  an  overall  circuit  representation  of  the  network. 

(2)  The  capillary  models  are 

A,  C,  H)  calculated  linear  R's, 

B,  D,  I)  calculated  linear  R's,  linear  L's  and  grounded  linear 

C's; 

E).  measured  linear  R's,  linear  L's  and  grounded  linear  C's; 

F,  J)  calculated  nonlinear  R's; 

G,  K)  calculated  nonlinnar  P.'s,  linear  L's  and  grounded 

I  i near  C's. 

(3)  Grounded  C's  in  the  node,  the  bellows  module  and  the  capillary 
modules  are 

A,  B)  frequency  independent  with  n  *  1.0; 

C, D,E,F,G)  frequency  independent  with  n  *  1.4; 

H, I,J,K)  frequency  dependent. 

Small  signal  a-c  analyses  of  cases  A,  B,  C,  D  and  E  calculated  using 
NET-2,  between  2.5  and  100  Hz  are  also  plotted  in  figure  47.  These 
plots  handle  five  linear,  f requency- independent  circuit  models. 

Both  the  magnitude  ratio  plot  and  the  phase-difference  plot  are 
improved  when  the  polytropic  coefficient  is  changed  from  1.0  (cases  A 
and  B)  to  1.4  (cases  C,  D,  and  E). 


A  virtually  insignificant  improvement  is  seen  in  the  magnitude 
ratio  curves  by  adding  L  and  C  (cases  B  and  D)  to  the  purely  resistive 
model  (cases  A  and  C)  of  capillary  models.  No  change  in  $  is  noted. 

A  measured  capillary  resistance,  R,  (case  E)  improves  the  magnitude 
ratio  curve  over  the  case  when  the  calculated  value  of  R  is  used  (case  D) 

To  compare  the  merits  of  choosing  nonlinear  R's  and  frequency- 
dependent  enclosed  volumes,  a  set  of  eioht  cases  (C,  D  and  F  through  K) 
were  computed  between  2.5  and  100  Hz  using  SLIC.  These  are  small  signal 
a-c  analyses  in  which  the  nonlinear  resistances  are  set  at  d-c  operating 
points.  Bode  plot  data  for  the  lead  network  are  tabulated  in  table  I. 
Compared  to  the  experimental  data,  the  magnitude  ratio  is  improved  at 
the  higher  frequencies  when  L's  and  C's  are  added  (cases  F,  G,  J  and  K) . 
Phase  difference  is  slightly  improved  at  the  higher  frequencies  for 
added  L's  and  added  frequency  dependent  C's  (cases  J  and  K) . 

Table  II  summarizes  comparisons  of  the  theory  in  table  I  at  2.5, 

1*0,  and  100  Hz,  between  the  more  sophisticated  circuit  models  (cases  D, 

F,  and  H)  and  the  simplest  model  (case  C) .  The  most  significant  changes 
are  produced  at  higher  frequencies  by  adding  L's  and  C's. 

In  general  the  more  sophisticated  models  seem  to  produce  slightly 
improved  agreement  with  the  experimental  data.  The  best  agreement  occurs 
for  (1)  the  measured  values  of  R,  (2)  the  RLC  circuit  models  simulating 
capillary  modules,  and  (3)  the  polytropic  coefficient  n  *  1.4. 

7.5  Fluidic  Lag-Lead  Network  with  Bellows  Module 

The  desired  lag-lead  network  is  identical  with  the  ideal  lead 
network  presented  in  figure  42  with  the  exception  that  a  resistor  was 
placed  in  shunt  across  the  point-to-point  capacitor  between  node  IN  and 
node  OUT  as  shown  in  figure  48. 


Figure  48.  Schematic  of  simple  lag- lead  network. 


TABLE  I  LEAD  NETWORK  RESPONSE 


80  •  -23  -22.28  -22.28  -23.08  -23-08  -22.72  -22.72  -23.53 

100  -23  -18.03  -18.03  -18.47  -18.47  -18.50  -18.50  -18.97 


Table  II:  Percentage  Changes  from  Simple  Linear, 
Frequency- Independent  Lead  Network 


Parameters  measured 


Frequency 


Magnitude  Ratio,  G  2.5  Hz 
Model 

Nonlinear  R  in  capillaries  0 
Added  LC  in  capillaries  0 
Frequency  dependent  C  in  volumes  -4? 


40  Hz  100  Hz 


0  0 

+4?  +6? 

-2%  -n 


Phase  Difference,  $ 
Model 


2.5  Hz  40  Hz  100  Hz 


Nonlinear  R  in  capillaries  0 

Added  LC  in  capillaries  -0.3? 

Frequency  dependent  C  in  volumes  ♦0.49' 


0  0 

-4?  -2% 

-0.3?  -3? 
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Each  (deal  circuit  element  was  replaced  on  a  one-to-one  basis 
by  the  same  equivalent  fluidic  component  as  in  section  k.  Also  capillary 
3  replaced  shunting  resistor,  R2<  The  overall  fluidic  test  network  is 
shown  in  figure  l»9- 


Figure  i»9.  Fluidic  lag-lead  network  with  bellows  module 

A  circuit  representing  the  overall  fluidic  hardware  is  shown  in  figure 
50. 


Figure  50.  Circuit  of  experimental  lag-lead  network  with 
be  I  lows  module 

The  same  fluidic  components  and  microphones  are  used  as  in 
section  with  the  addition  of  a  capillary.  Introduction  of  a  tee 
fitting  at  node  IN  is  ignored  in  the  calculations. 


Capillary  3:  N  -  8,  r  -  1.525  x  lO’V  l  -  .03m,  R  -  1*.1»1  x  10®  -u-k3 

rrr  sec 

Experimental  results  are  presented  as  a  Bode  plot  (fig.  51)  between  2.5 
and  100  Hz  at  an  input  pressure  of  1000  Pa  rms.  These  results  are  similar 
to  those  of  the  low-frequency  segment  of  a  lag  network  in  figure  3k. 

Again  the  circuit  models  from  section  3  were  selected.  Identical 
assumptions  were  made  in  developing  the  eleven  sets  of  models  (cases  A 
through  K)  for  the  lag-lead  network.  Bode  plots  of  cases  A  through  E 
were  calculated  between  2.5  and  100  Hz  with  small  signal  a-c  analyses 
using  NET-2. 

The  computed  magnitude  ratio  plot  for  cases  A  and  B  and  the 
computed  phase  difference  for  case  C  compare  most  favorably  with  the 
experimental  data.  The  best  models  for  both  the  magnitude  ratio  and  the 
phase  difference  are  different  fror  those  found  in  section  J.k  for  the 
lead  network. 

By  adding  L's  and  C's  to  models  of  the  cap'Mary  module,  there 
is  considerable  improvement  in  the  predicted  values  of  phase  difference 
at  higher  frequencies. 

Again  small  signal  a-c  analyses  for  eight  cases  (C,  D  and  F  through 
K)  were  computed  using  SLIC  between  2.5  and  100  Hz.  Bode  plots  are 
tabulated  in  table  III.  Predicted  magnitude  ratio  is  in  best  agreement 
with  experimental  results  at  the  lower  frequencies  for  the  linear 
resistance  models  (cases  C,  F,  H,  and  J).  The  best  agreement  between 
the  predicted  and  experimental  phase  difference  was  found  when  the 
capillaries  were  purely  resistive  (cases  C,  D,  H  and  l). 

Table  IV  summarizes  comparisons  at  2.5.  k0,  and  100  Hz  between 
the  sophisticated  models  (cases  0,  F  and  I!)  and  the  simplest  model 
(case  C) .  The  most  drastic  differences  occur  [  ,)  for  added  L's  and  C's 
at  high  frequencies,  and  (2)  for  frequency-dependent  volumes  at  low 
frequencies . 

Overall  the  best  model  seems  to  include  pure  linear  resistances, 
and  a  polytropic  coefficient  n  ■  1.0. 

7.6  Fluidic  Lead  Network  with  Diaphragm  Module 

In  sections  7-k  and  7-5,  a  bellows  module  has  been  studied  as 
a  point-to-point  capacitor.  A  diaphragm  module  replaces  ''he  bellows 
module  in  the  version.  Similar  tests  were  performed.  Only  the  differences 
in  configuration  and  results  are  noted  in  this  section.  For  the  lag-lead 
network  (sect  7.5),  the  point-to-point  capacitor  Cj  between  nodes  IN  and 

OUT  (fig.  kS)  may  be  implemented  with  a  diaphragm  module  instead  of  with 
a  bellows  module.  The  configuration  with  the  diaphragm  module  is  shown 
in  figure  52. 
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TABLE  'il  LAG -LEAD  NETWORK  RESPONSE 


^5.33  45.13  51.27  50. till  44.99  44.79  50.97  50.64 

46.05 _ *>5-78  53.71 _  53.25  45.65  ,  ';5.38  53-32  52.86 


Table  IV  Percentage  Changes  from  Simple  Linear, 
Frequency-Independent  Lag-Lead  Network 


Magnitude  Ratio,  G 

Nonlinear  R  in  capillaries 
Added  LC  in  capillaries 
Frequency  Dependent  C  in  Volume 

Phase  Difference,  <J> 

Nonlinear  R  in  capillaries 
Added  LC  in  capillaries 
Frequency  Dependent  C  in  Volume 


Frequency 

2.5  Hz 

I»0  Hz 

100  Hz 

-2% 

1 

K> 

-2% 

0 

+3% 

+  1%  . 

-0.5% 

-1.5% 

-1% 

Frequency 


2.5  Hz 

1*0  Hz 

100  Hz 

+.3% 

-.1% 

-1.2% 

0 

+5.1% 

+16.6% 

+10.0% 

0 

-.9% 

MICROPHONE 


CAPILLARY  I 


PLUIOIC 

SIGNAL 

GENERATOR 


CAPILLARY  2 


ENCLOSED  • 
VOLUME  1 


Figure  52.  Fluidic  lead  network  with  diaphragm  module 

The  same  flpidic  elements  and  microphones  were  used  with  the  exception 
that  bellows  module  has  replaced  by  the  diaphragm  module. 

The  diaphragm  was  constructed  from  a  thin  sheet  of  either 
unstressed  natural  rubber  or  unstressed  polyurethane.  The  diaphragm  in 
these  tests  has  the  following  specification 

h  ■  .33  mm 

E  -  1.25  x  106  -£2— 5- 
m-sec^ 

In  forming  the  diaphragm  module,  the  thin  diaphragm  was  positioned 
in  an  unstressed  state  between  two  tapered  chambers,  in  which  cross- 
sectional  area  was  smoothly  varied  from  the  passage  size  to  the  diaphragm 
size.  A  cross-sectional  drawing  is  shown  in  figure  53- 


I *7777**1 


OHAMRER  I- 


Figure  53-  Diaphragm  Module 


The  diaphragm  module  is  symmetrical  about  the  membrane.  Each  of  the 
chambers  in  figure  53  Is  made  up  of  a  cylinder  and  frustrum  of  a  cone* 
Dimensions  are 

rj  -  1.27  x  10-2  cm 

r2  -  6.35  x  10" 3  cm 

£j  -  6.35  x  10-3 

m  1.016  x  10"2  cm 

Volume  of  the  two  identical  chambers  was  computed  as 


vi  “  v2  “  5.54  x  10‘6  m3 


An  equivalent  circuit  for  the  overall  test  configuration  is 
shown  in  figure  5**. 


Figure  54.  Circuit  of  experimental  lead  with  diaphragm  module 

This  configuration  was  tested  in  the  range  between  2.5  and  100  Hz. 
Experimental  results  are  presented  as  a  Bode  plot  (figure  55).  When 
compared  with  typical  Bode  plots  in  section  7- 1  *  this  plot  has  approximately 
the  form  of  the  high-frequency  segment  of  a  lead  network. 

Computational  models  were  again  selected  from  section  3;  however, 
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Figure  55.  Bode  plot  for  lead  network  with  diaphragm 


only  one  set  of  models  was  calculated.  The  following  assumptions  are 
i ncl uded: 


(1)  The  enclosed  volume  of  the  junction  Is  a  linear,  frequency- 
independent  capacitor  with  volume  equal  to  3*59  x  10“6  m3. 

(2)  The  polytropic  coefficient,  n  -  1.0. 

(3)  Capillary  modules  are  modeled  as  pure,  linear  resistors. 

(4)  The  load  is  considered  to  be  two  capillaries,  each  with  t  ■  0.07  m. 

(5)  The  diaphragm  module  is  a  PI  of  capacitors.  The  horizontal  bar 
of  the  Pi  is  a  nonlinear  point-to-point  capacitor.  Its  vertical 
legs  are  grounded,  linear  capacitors.  When  the  diaphragm  module 
is  placed  at  the  output  of  the  signal  gene-ctor,  the  grounded 
input  capacitor  is  considered  as  part  of  the  signal  generator. 

This  capacitor  is  neglected  in  an  overall  circuit  representation 
of  the  network. 

(6)  The  input  pressure  is  approximately  10  kPa  rms. 

A  transient  response  was  calculated  *ing  DSL/90  for  frequencies 
between  2.5  and  80  Hz.  Magnitude  ratio  and  phase  difference  were 
measured  from  these  time  plots  and  are  presented  as  Bode  plot,  in 
figure  55-  Theoretical  results  for  the  magnitude  ratio  at  low  frequency 
and  for  the  phase  difference  at  high  frequency  agree  best  with  the 
experimental  results. 

8.  DESIGN  APPROACH  TO  FLUIDIC  CONFIGURATIONS 


Modeling  and  experimental  efforts  expended  designing  individual 
components  and  subsystems  are  directed  toward  a  specific  goal:  to 
develop  accurate  circuit  models  for  designing  fluidic  systems.  The 
studies  in  this  paper  and  continuing  studies  will  eventually  allow 
various  fluidic  components  to  be  modeled  as  one  or  more  fluidic  circuits, 
each  predicting  fluidic  signal  response  over  a  specific  operating  range 
within  a  specified  error. 

Circuit  models  of  fluidic  components  are  defined  in  terms  of 
four  items: 


(1)  Network  topologies  are  given  as  arrays  of  source,  dissipation, 
and  storage  elements. 

(2)  Values  of  circuit  elements  are  given  as  constants  or  as 
variables  (dependent  on  pressure,  flow,  time  or  frequency). 
Element  values  are  defined  in  either  open  or  closed  form  in 
terms  of  parameters  which  are  bounded  or  unbounded  and  discrete 
or  continuous. 

(3)  Operating  ranges  are  given  for  bandwidth  and  pressure  amplitude. 

(4)  Mean  or  maximum  response  errors  are  specified  over  the  operating 
ranges. 


Flu 

catalog. 


die  component  models  are  being  organized  in  the  form  of  a 
However,  it  must  be  kept  in  frtind  that  these  models  are  not  all 
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inclusive.  Only  selected  cases  have  been  studied  in  the  current 
development  of  circuit  models.  In  fact,  individual  components  and  small 
subsystems  have  even  been  tested  by  partially  isolating  their  terminal 
nodes.  Because  of  the  valuable  data  in  every  circuit  simulation,  the 
design  approach  therefore  must  necessarily  include  procedures  for 
improving  component  models. 

It  is  possible  to  envision  a  fluidic  design  approach  over  ranges 
in  which  the  fluidic  models  have  been  cataloged.  This  approach  (fig.  56) 
consists  of  both  basic  design  (within  the  dashed  lines)  and  peripheral 
circuit  model  improvements.  The  envisioned  design  approach  is  to: 

(1)  Specify  the  network  problem, 

(2)  Construct  an  equivalent  circuit, 

(3)  Select  fluidic  models  that  simulate  equivalent  circuits, 

(i»)  Construct  new  equivalent  circuits  in  terms  of  fluidic- 

component  models , 

(5)  Adjust  parameters  of  the  models  in  fulfilling  specifications 
to  determine  a  physically  realizeable  configuration, 

(6)  Determine  experimental  response  of  an  implemented  physical 
configuration,  and 

(7)  Compare  test  results  and  required  response  in  defining  response 
error. 

8.1  Specification  of  the  Network  Problem 


Specification  of  the  network  problem  is  made  (fig.  56)  in  terms 
of  either  the  required  output  nodal  response  of  the  physical  configurations 
or  an  equivalent  circuit.  The  input  signals  and  loads  are  given  and 
possible  fluidic  components  are  suggested. 

One  or  more  required  aspects  of  the  nodal  response  are  specified 
as  a  value  plus  or  minus  an  error.  Standard  forms  of  nodal  response 
should  be  discussed  such  as  steady-state  d-c  response,  steady-state  a-c 
response,  and  transient  response.  Steady-state  d-c  response  is  defined 
by  attenuation  ratios  between  nodes.  Critical  aspects  in  defining  steady- 
state  a-c  nodal  response  should  be  given  through  performance  criteria  in 
the  complex  frequency  domain  based  on  values  of  gain  margin,  phase  margin, 
bandwidth,  peak  resonance,  and  break  frequencies.  Transient  nodal 
response,  observed  through  performance  criteria  in  the  time  domain,  is 
based  on  values  of  rise  time,  delay  time,  settling  time,  and  overshoot. 

The  set  of  passive  fluidic  components  that  can  be  used  in  these 
designs  will  include  orifices,  area  changes,  and  transmission  lines,  as 
well  as  those  discussed  in  section  3  (capillaries,  enclosed  volumes, 
bellows  modules,  and  di aphragm  modul es) . 

8.2  Construction  of  an  equivalent  circuit 

Section  8.1  specifies  either  the  output  nodal  response  or  the 
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equivalent  circuit.  If  only  the  response  is  specified,  one  or  more 
simple  circuits  can  be  synthesized.  The  lowest  order  circuits  that 
satisfy  the  form  of  the  response  will  be  selected.  Many  texts  and 
references  such  as  Chesnut  and  Mayer  (ref  26)  present  lengthy  tables  of 
low-order  circuit  topologies,  their  ranges  of  element  values,  and  their 
output  nodal  response  forms. 

For  fluidics,  element  values  are  to  be  defined  parametrically 
along  with  the  circuit  configuration  in  the  model  catalog.  Section  8.5 
outlines  techniques  for  selecting  and  adjusting  values  of  circuit  elements 
to  satisfy  the  design  specifications. 

8. 3  Selection  of  Fluidic  Models  that  Simulate  Equivalent  Circuit 

Based  on  the  circuit  topology  and  the  allowable  ranges  of  element 
values,  a  realizable  fluidic  simulation  model  can  be  developed.  The 
existing  model  catalog  is  checked  for  components  that,  over  the  specified 
operating  ranges,  can  possibly  simulate  the  specified  forms  of  pure 
resistance,  of  pure  inductance,  and  of  pure  capacitance.  For  example, 
a  linear  resistor  can  be  replaced  by  a  capillary;  a  point-to-point 
capacitor  by  a  bellows  module  or  a  diaphragm  module;  and  a  grounded 
capacitor  and  a  node,  by  an  enclosed  volume. 

One  or  more  models  that  seem  to  best  match  the  equivalent  circuit 
over  the  specified  operating  ranges  are  selected  from  this  catalog.  It 
is  important,  however,  to  realize  that  the  selected  circuit  is  not  unique. 

8. k  Construction  of  New  Equivalent  Circuits  Representing  Fluidic  Components 

The  basic  equivalent  circuit  can  now  be  developed  into  a  new  circuit 
with  more  complete  models  of  fluidic  components  from  the  catalog.  For 
example,  for  some  operating  ranges,  a  linear  resistor  that  is  simulated 
by  a  fluidic  capillary  is  replaced  by  a  RLC  circuit  (sect  3-1). 

8.5  Adjustment  of  Parameters  to  Fulfill  Specifications 

Where  possible  in  the  specified  operating  ranges,  satisfactory 
agreement  (within  the  allowed  error)  is  sought  between  the  specified 
response  and  the  simulated  response  of  fluidic  circuits  developed  in 
section  8.^.  There  are  two  possible  approaches  for  obtaining  satisfactory 
agreement.  First,  the  element  values  or  the  parameters  within  expressions 
defining  the  element  values,  may  be  adjusted.  Second,  the  circuit 
topology  may  be  changed.  In  this  paper,  however,  only  element  values  and 
element  parameters  are  adjusted. 

Since  optimization  can  be  a  lengthy  iterative  procedure,  the  NET-2 
circuit  analysis  program,  which  has  self-contained  optimization  precedures, 
is  used.  A  computerized  optimization  procedure  automatically  minimizes 
the  error  between  the  simulated  and  specified  responses  as  a  function  of 
the  design  parameters.  One  form  of  error  (or  performance  criterion)  is 
the  integrated  least  squares  difference  between  the  simulated  and  specified 
results  on  a  Bode  plot. 
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Computed  design  parameters  can  now  be  used  directly  in  specifying 
fluidic  components. 

it  is  impossible  in  many  cases  to  adjust  parameters  in  a  given 
simulationto  produce  the  specified  response.  Difficulties  arise  because 
compatibility  can  not  be  achieved  among  the  specified  response,  the 
allowable  fluidic  components,  and  the  selected  circuit  topology.  Two 
aspects  of  the  problem  that  introduce  a  lack  of  compatibility  are  non- 
realizability  of  certain  values  of  the  circuit  components  and  non¬ 
realizability  of  certain  circuit  functions  with  passive  components. 

8.6  Determination  of  Experimental  Response  of  an  Implemented  Fluidic 
Configuration 

A  breadboarded  fluidic  model  can  now  be  implemented  on  the  basis 
of  a  circuit  topology  and  of  selected  parameter  values.  Specified  input 
signals  and  loads  are  connected  to  the  fluidtc  components  and  pressure 
measurements  are  taken  simultaneously  at  a  pair  of  nodes.  Results  are 
plotted  in  convenient  forms. 

8.  7  Comparison  of  Measured  and  Specified  Fluidic  Response  in  Defining 
Error 


Performance  criteria  are  numerical  values  that  define  the  error 
between  measured  and  specified  responses.  For  example,  in  the  static 
case,  a  performance  criterion  might  be  an  integrated  least  squares 
difference  between  the  measured  and  specified  values  of  instantaneous 
resistance.  In  the  dynamic  case  it  might  be  an  integrated  least  squares 
difference,  either  between  measured  and  specified  curves  or  between  measured 
and  specified  points  on  response  curves.  More  meaningful  performance 
criteria  are  being  investigated. 

If  the  specified  error  criteria  can  be  met,  then  the  component 
models  lead  to  satisfactory  designs. 

8.  8  Improvement  of  Circuit  Models 

In  these  initial  phases  of  fluidic  model  development  and  fluidic 
circuit  design,  the  model  catalog  may  also  be  improved  by  examining 
errors  between  experimental  and  specified  response.  In  fact  to  validate 
and,  where  possible,  to  extend  their  operating  ranges,  many  circuit 
models  should  be  used  to  simulate  equivalent  circuits  (sect  8.3). 

In  general,  the  discrepancies  between  the  experimental  and 
specified  response  (sect  8.7)  can  be  attributed  to  the  use  of  non-ideal 
physical  fluidic  components  to  predict  the  nodal  response  of  an  idealized 
circuit.  Improved  agreement  in  the  simulated  and  experimental  nodal 
response  data  can  be  obtained  by  relating  circuit  topology  and  element 
values  to  additional  experimental  response  data. 

A  useful  approach  for  improving  models  is  sensitivity  analysis. 
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Using  sensitivity  analysis,  the  change  in  nodal  response,  produced  by 
changing  a  parameter  about  the  given  operating  point,  can  be  calculated. 
Sensitivity  analysis  gives  relative  errors  caused  by  changing  various 
parameters.  Also,  the  sensitivity  of  key  parametric  relationships 
(sect  8.3)  that  define  the  nodal  response  can  be  calculated. 

By  adding  engineering  insight  to  the  results  of  engineering 
analyses,  improved  model  topologies  and  improved  expressions  for  element 
values  can  be  suggested.  Improved  circuit  models  lead  to  an  improved 
design  approach. 

9.  CONCLUSIONS 


One  of  the  most  important  conclusions  of  this  paper  is  that  useable 
circuit  models  of  fluidic  components  can  be  synthesized.  It  remains  only 
to  develop  a  design  approach  that  selects  the  best  component  model  from 
a  catalog. 

Various  circuit  topologies  and  forms  of  analytic  expressions  were 
investigated  in  this  study.  Models  are  linear  or  nonlinear  and  frequency 
independent  or  frequency  dependent.  The  magnitude  of  the  nonideal  effects 
on  network  response  is  seen  to  depend  on  the  overall  configuration,  the 
operating  frequency,  and  the  operating  pressure  of  the  component. 

Circuit  models  have  not  as  yet  been  evaluated  against  ideal 
response  specifications.  Some  of  the  effects  of  nonideal  resistance, 
capacitance,  and  inductance  wl  1 1  definitely  be  felt  in  attempting  to 
produce  ideal  responses  in  fluidic  networks. 

As  a  start  toward  a  fluidic  design  guide,  Bode  response  results 
developed  in  sections  6  and  7  are  summarized  in  table  V.  In  each 
configuration  the  bandwidth  is  tabulated  for  experimental  magnitude  ratios 
within  ±10  percent  of  the  computer  models  and  experimental  phase  differences 
within  ±10  deg  of  the  computer  models. 

It  is  of  interest  to  note  in  table  V  that  the  simple,  pure,  linear 
models  of  components  are  entirely  adequate  (within  the  ±10  percent  and 
±10  deg  error  limits)  for  some  portions  of  the  frequency  range.  It 
appears  that  error  and  frequency  range  can  be  traded  off  against  each 
other,  so  that  in  many  cases  simple  models  readily  estimate  the  performance 
of  component;  in  many  circuits. 

By  minimizing  the  complexity  of  circuit  models  that  still  predict 
response,  the  cost  of  computer-aided  circuit  analysis  and  design  is 
also  minimi  zed. 
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Table  V  Error  Ranges  for  Models  of  Subsystems  -  10  percent,  10  deg 


Table  V:  Error  Ranges  for  Models  of  Subsystems  -  10  percent,  10  deg  (cont'd) 


near  -  -  I,  n  ■  1.4  nonlinear  n  ■  1.4  up  to  60  Hz  entire  range 
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ABSTRACT 


The  state-of-the-art  of  fluidic  multiplication  is  reviewed,  and  a  new 
approach  to  fluidic  multiplication  is  introduced.  This  approach  uses  a 
laminar  proportional  amplifier  as  the  basic  multiplying  element.  As  shown 
in  this  paper,  the  gain  of  a  proportional  amplifier  is  proportional  to  the 
power  jet  pressure  when  operated  in  the  laminar  regime,  thereby  allowing 
gain  change  or  multiplication.  A  preconditioning  and  buffering  circuit 
is  used  to  linearize  and  isolate  the  multiplier  from  other  circuitry. 
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1.  INTRODUCTION 


Multiplication  or  gain-change  is  a  function  often  needed  in  fluidic 
computation  and  control  circuits.  Some  of  the  applications  are  (I)  straight 
multiplication  of  two  signals  for  computation  purposes,  (2)  division  of  one 
signal  by  another,  accomplished  by  putting  a  multiplier  in  the  feedback  loop 
of  a  high-gain  amplifier,  (3)  function  generation,  such  as  squaring,  and 
(M  gain  change,  i.e.,  variation  of  the  system  gain  for  control  purposes. 

In  spite  of  the  need  for  multipliers,  the  ones  that  exist  today  are 
lacking  in  performance,  simplicity,  and  availability.  In  Section  2  we 
review  the  state-of-the-art,  and  discuss  methods  that  have  been  used  to 
achieve  multpl ication.  These  include  the  use  of  (1)  amplifier  bias  sensi¬ 
tivity,  (2)  mechanical  moving  parts,  (3)  the  quarter-square  principle, 

(A)  digital  computation,  and  (5)  three-dimensional  effects  with  unconfined 
jets.  In  Sections  3  and  k  we  present  a  new  approach  to  fl uer i c-mul ti pi ica¬ 
tion  that  offers  the  possibility  of  substantially  improved  performance. 

2.  STATE-OF-THE-ART  IN  FLUIDIC  MULTIPLIERS 


In  the  early  days  of  fluidics,  there  was  more  concern  for  the 
performance  characteristics  of  individual  components  than  for  systems; 
consequently,  little  work  was  done  toward  multiplication.  As  components 
were  developed,  more  systems  were  being  built  and  the  need  for  multipli¬ 
cation  became  more  apparent.  The  approaches  taken  toward  fluidic  multipliers 
have  been  to  utilize  inherent  device  characteristics  or  to  build  circuits 
to  accomplish  the  effect  as  discussed  below.  Actually,  most  concepts 
discussed  below  fall  into  the  category  of  gain  changers  since  the  second 
input  decreases  gain  with  increasing  input.  A  true  multiplier,  however, 
ncreases  gain  with  both  inputs  and  has  zero  gain  at  zero  input.  Thus, 
a  nonlinear  inversion  of  the  second  input  is  usually  required  to  convert 
gain  changers  into  true  multipliers.  Some  gain  changers  might  be  useful 
as  dividers  over  a  limited  range. 

2. 1  Planar  Amplifier  Gain  Sensitivity 


A  generally  undesirable  characteristic  of  a  planar  proportional  am¬ 
plifier  is  its  sensitivity  to  mean  input  level  (or  bias)  [l,2].  However, 
if  the  amplifier  is  sufficiently  sensitive  to  mean  input  level,  the 
effect  can  be  used  to  accomplish  gain  change  or,  with  linearizing 
circuitry,  multiplication.  For  most  amplifiers,  a  gain  change  of  2-  or 
3-to-one  is  the  maximum  to  be  expected.  The  gain  change  is  in  inverse 
proportion  to  mean  input  level  (above  15%)  as  shown  in  figure  1. 

Beduhn  [3]  reports  a  three-stage  amplifier  arrangement  in  which  the 
gain  can  be  varied  by  adjusting  the  interaction  vent  pressure  of  the 
driving  amplifier  to  increase  the  mean  input  level  to  the  third  stage 
(Figure  2).  There  are  some  unresolved  questions  of  operation;  however, 
a  gain  change  of  3-7- to- 1  was  reported.  Again,  the  gain  decreases 
with  signal  input,  which  is  generally  unsuited  for  multiplication. 
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Figure  1.  Gain  Sensitivity  to  Mean  Input  Level  (Typ 
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Multiplication  is  easier  in  devices  using  moving  parts.  One  approach 
to  accurate  multiplication  is  the  pin  amplifier  [*«].  In  this  device,  the 
differential  output  pressure  Is  a  function  of  the  supply  pressure  and 
the  position  of  a  pin  located  in  the  Interaction  region  as  shown  in 
figure  3*  Bellows  can  be  used  to  convert  pressure  to  position  as  shown. 
Another  approach  is  a  flapper-nozzle  or  similar  variable  attenuation 
arrangement.  Both  of  the  above  mentioned  methods  are  useful  as  multipliers 
as  well  as  gain  changers. 

2 . 2  Circuitry  to  Perform  Multiplication 

The  quarter-square  multiplier  Is  one  of  the  most  commonly  used 
multipliers  in  electrical  circuits  and  can  be  used  in  fluidics.  The 
principle  Is  based  on  the  Identity  AB  »  i  [(A+B)2  -  (A-B)2].  As  shown 
in  figure  k,  the  steps  Involved  In  evaluating  the  right  sMe  of  the 
equation,  summing,  differencing,  squaring,  and  scaling  functions,  are 
within  the  realm  of  present  fluidics  [5]-  Hence,  the  multiplier  is 
workable,  but  complex  and  lacking  In  linear  range. 

By  providing  flow  sources  to  the  inputs  of  a  planar  fluid  amplifier 
whose  input  resistance  is  a  function  of  the  supply  pressure,  one  can  make 
the  gain  sensitive  to  the  ratio  of  the  amplifier  supply  pressure  and  the 
mean  Input  level  (fig.  5).  In  this  circuit  arrangement,  a  gain  change 
of  2.5-to-1  is  reported  [6],  This  would  appear  to  be  one  of  the  most 
straightforward  approaches  to  gain  change  using  conventional  devices. 

A  dual-differencing  amplifier  circuit  is  described  in  which  the 
offset  on  nonlinear  transfer  curves  determines  the  circuit  gain  (fig.  6) 
[7,8,9].  This  circuit  can  reduce  gain  to  zero  in  an  inverse  manner;  it 
Is  suspected,  however,  that  the  linearity  and  range  are  lacking. 

A  digital  multiplier  can  be  implemented  using  a  bistable  amplifier 
with  pulse-width,  pulse-height  modulation.  A  triangular  waveform  is 
fed  into  one  control  and  a  variable  bias  level  is  fed  into  the  other. 

The  width  of  each  output  pulse  is  thereby  proportional  to  the  control 
bias  signal  and  the  amplitude  is  proportional  to  the  supply-pressure 
signal  as  seen  in  figure  7.  The  output  pulse  is  filtered  to  give  a  constant 
output  signal  that  is  proportional  to  the  product  of  pulse  width  and 
pulse  height.  Frequr  ’cy-response  problems,  nonlinearities  introduced 
by  amplifier  hystere.is,  and  small  linear  operating  range  in  both  channels 
limit  its  appl icabi 1 i ty . 

Another  method  has  been  disclosed  in  a  US  Patent  [lO];  however, 
we  were  unable  to  get  the  circuit  to  perfo'm. 

2. 3  Three-Dimensional  Devices 


After  trying  planar  devices  and  computation  circuitry,  the  next  step 
is  to  try  three-dimensional  effects.  One  approach  is  a  two-axis,  four- 
receiver  amplifier  [6]  as  shown  In  figure  8.  This  device  can  operate 
as  a  gain  changer  as  well  as  a  four-quadrant  multiplier.  As  depicted  6], 
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the  device  uses  round  jets  in  an  unconfined  interaction  region;  this  arrange¬ 
ment  was  found  to  have  difficulties  in  the  early  days  of  fluidics. 

Another  three-dimensional  device  uses  a  control  input  in  the  third 
axis  to  deflect  the  power  jet  out  of  the  plane  of  the  device  through  a 
vent  [ll].  Still  another  three-dimensional  device  has  an  input  normal 
to  the  amp’ifier  geometry  to  alter  the  power  jet  profile  in  the  confined 
interaction  region  and  thereby  change  gain  [ll].  Gain  changes  of  about 
1 0- to- 1  are  possible;  however,  again  the  gain  change  is  nonlinear  and 
is  in  inverse  proportion  to  the  second  input.  A')  of  the  details  were  not 
worked  out,  but  the  device  shows  promise. 

3.  LAMINAR  MULTIPLIER  CONCEPT 

Up  to  this  point  we  have  discussed  some  of  the  pr'vious  work  on 
flueric  multiplication  using  turbulent  flow  amplifiers.  We  now  introduce 
a  new  multiplication  concept  based  on  the  Reynolds-number  dependency  o* 
laminar  flow  amplifiers. 

3. 1  Amplifier  Characteristics 

A  generally  undesirable  characteristic  of  an  amplifier  when  operated 
in  the  laminar  regime  is  its  gain  dependence  upon  supply  pressure  as 
shown  by  figure  9;  however,  it  is  this  dependence  that  allows  a  laminar 
amplifier  to  be  used  as  a  gain  changer  or  multiplier.  It  can  be  seen  in 
figure  9  that  from  the  transfer  characteristic 

APq  -  G  AP.,  (1) 

and  the  gain-supply  pressure  characteristic 

G  -  KP  ,  (2) 

the  output  signal  is  the  product  of  the  input  signal,  AP. ,  and  the  supply 
pressure ,  i .e.  , 

APq  -  KPS  AP  j  .  (3) 

The  primary  input,  signal  A,  is  the  input  signal  to  the  amplifier; 
and  the  secondary  input,  signal  B,  is  the  amplifier  supply  pressure.  The 
transfer  gain  can  be  changed  almost  linearly  from  zero  to  a  maximum  value 
with  increasing  supply  pressure;  thus,  the  device  is  useful  as  a  multiplier 
as  well  as  a  gain  changer. 

3-2  Isolated  Multiplier  Performance 

Several  amplifiers  were  tested  for  linearity  and  range  of  gain 
change  with  supply  pressure.  The  overall  best  configuration  was  a  center- 
vented  commercial  amplifier  with  a  power  nozzle  width  of  0.5  mm  (0.020  in.l 
and  an  aspect  ratio  of  0.5-  The  transfer  characteristics  for  various 
supply  pressures  are  given  in  figure  10.  The  linearity,  low  noise,  and 
consistency  of  the  data  should  be  noted. 
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The  small-signal  gain  of  this  device  is  plotted  against  supply 
pressure  in  figure  11.  This  curve  can  best  be  characterized  by  a 
straight  line  witii  a  slight  offset.  The  points  at  which  the  curve 
deviates  more  than  ±10  percent  from  a  straight  line  with  offset  are 
designated  P$min  and  Psmax. 

If  precise  computation  is  not  required,  the  device  serves  well 
as  a  multiplier  or  as  an  excellent  gain  changer  with  no  further  modifica¬ 
tions.  It  is  possible,  however,  to  enhance  this  linearity  and  performance 
as  discussed  in  the  following  sections. 

It.  UTILIZATION  CIRCUITRY 

There  are  three  conditions  that  must  be  matched  for  optimum  operation 
of  this  multiplier:  (1)  the  ga i n-versus-Ps  curve  should  be  offset  to  allow 
the  gain  curve  to  pass  through  zero;  (2)  the  mean  input  level  to  the  mul¬ 
tiplier  should  be  carefully  staged  to  avoid  unexpected  gain  degradation 
of  the  multiplier;  and  similarly,  (3)  the  mean  output  level  of  the  multiplier 
(which  would  vary  with  supply  pressure)  should  be  held  constant  to  avoid 
level  sensitivity  problems  in  the  next  stage.  In  addition,  the  input  and 
output  signal  levels  should  be  consistent  with  the  fluidic  circuitry  in 
which  the  multiplier  will  be  used.  The  circuit  discussed  below  accomplishes 
these  goals. 

A. 1  Preconditioning  and  Buffering 

The  primary  problem  to  be  solved  is  the  offsetting  of  the  supply 
pressure  to  the  multiplier.  This  can  be  accomplished  by  using  a  biased 
fluid  amplifier  with  single-sided  transfer  characteristics  as  that  shown 
in  figure  12.  The  amplifier  supply  pressure  is  selected  so  that  PQb  at 
saturation  Is  slightly  greater  than  Psmax;  and  the  input  bias  is  selected 
so  that  PQb  equals  Psmjn  at  null  input  signal,  P^  In  this  manner,  the 
supply  pressure  to  the  multiplier  ranges  from  P$mjn  to  P$  x  as  'nPut 
signal  Pb  varies  from  zero,  thereby  allowing  the  gain  to  be  linearized 
with  respect  to  P^. 

A  second  preconditioning  amplifier  is  required  to  provide  a 
predictable,  low  mean  input  level  to  the  multiplier  in  order  to  isolate 
the  multiplier  from  an  arbitraiy  driving  signal.  This  is  accomplished 
with  an  amplifier  operating  with  the  same  supply  pressure  as  the  B-channel 
pre-driver  and  with  a  large  attenuation  of  the  output  signal  to  match 
signal  levels  to  the  multiplier  (A-chaunel  pre-driver  capable  of  almost 
saturating  the  multiplier  with  maximum  B-channel  signal). 

Finally,  the  multiplier  output  is  buffered  from  any  other  circuitry 
as  shown  In  figure  13.  Since  the  supply  pressure  to  the  multiplier 
varies,  the  mean  output  level  of  the  multiplier  varies.  This  variation 
in  mean  output  level  could  affect  the  gain  of  a  succeeding  stage  if  proper 
attention  is  not  paid  to  staging.  The  buffer-amplifier  supply  pressure 
and  power  nozzle  should  be  selected  so  that  the  maximum  output  signal 
from  the  multiplier  is  below  saturation  of  the  buffer  amplifier  to 


Figure  13-  Laminar  Multiplier  Circuit  with  Pre 
Conditioning  and  Output  Buffering 


provide  a  low  mean  Input  level.  The  mean  output  level  of  the  buffer  will 
thus  be  constant,  and  normal  staging  techniques  can  be  used  to  other 
cl rcul try. 

k.2  Circuit  Performance 


The  circuit  of  figure  13  has  been  connected  in  the  laboratory  using 
amplifiers  of  0.5-mm  {0.020  in.)  power  nozzle  width  with  an  aspect  ratio 
of  0.5-  The  supply  pressures,  bias  offset,  and  attenuation  were  selected 
as  discussed  above. 

The  transfer  characteristics  of  the  circuit  for  both  input  channels 
are  shown  In  figure  1A.  This  circuit  can  be  used  as  a  true  multiplier, 
since  the  circuit  has  zero  gain  with  zero  input  In  both  channels,  and 
gain  increases  linearly  with  both  Inputs  as  shown  by  figure  15. 

Figure  15  shows  the  performance  of  the  device.  The  input  range* 
of  the  A-channe)  (amplifier  inputs)  Is  greater  than  50:1  and  the 
B-channel  (power  supply)  range  is  20:1.  All  amplifiers  are  operated  with 
laminar  flow,  so  that  signal  noise  Is  several  hundred  below  the  maximum 
signals.  There  are  no  "Jumps"  that  commonly  occur  In  similar  circuits. 

There  are  some  possible  drawbacks  to  this  circuit  in  that  (1)  the 
signals  are  of  low  pressure  In  order  to  operate  in  the  laminar-flow  regime 
(smaller  devices  could  use  higher  pressures);  (2)  being  laminar,  the 
circuit  Is  sensitive  to  temperature;  and  (3)  tuning  of  the  bias  offset 
may  be  required  to  maintain  the  high  performance  stated  above  in  the 
B-channel . 

5.  SUMMARY 


Previously  used  methods  of  fluidic  multiplication  have  been  reviewed. 
These  methods  have  drawbacks  which  include  component  nonlinearities,  input 
signal  inversion  and  limited  functional  range.  A  new  method,  based  on 
laminar-flow  amplifiers,  has  been  presented.  It  shows  promise  in  that  a 
true  multiplication  with  a  functional  range  of  20  to  1  Is  accomplished 
without  signal  Inversions. 

However,  the  operating  signal  pressures  are  low  to  operate  In  laminar 
flow  regime,  and  this  operating  regime  is  temperature  sensitive.  These 
areas  can  be  Improved  with  more  research.  An  additional  refinement  needed 
in  the  circuit  Is  In  the  method  of  maintaining  exact  offset  bias  during 
system  flow  changes. 
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ABSTRACT 


The  measurement  of  fluidic  Impedance  by  the  half-bridge  comparison 
method  is  developed  theoretically  and  demonstrated  experimentally. 

The  method  Is  tested  on  a  fluid  transmission  line  and  on  a  cylindri¬ 
cal  tank  whose  impedances  are  known.  The  measured  impedances  generally 
agree  within  10  percent  of  the  expected  values  over  the  frequency  range. 
However,  there  are  some  frequencies  on  the  transmission  line  where 
discrepancies  of  tip  to  35  percent  are  observed. 

Measurements  of  the  Input  impedance  of  a  typical  Ian  inar  proportional 
amplifier  show  that  it  is  predominantly  resistive  up  to  130  Hz. 
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NOMENCLATURE 


cross-sectional  area,  m2 

capacitance  of  volume  between  known  and  unknown  Impedances 

capacitance  of  transducer  holes,  m5/kN 

diameter,  m 
frequency,  Hz 

viscous  characteristic  frequency,  Hz 

complex  operator,  /-T 
Bessel  function  of  zero  order 

Bessel  function  of  ft  rst  order 

length,  m  . 

Inertance  of  transducer  hole,  kN  -  s  /m 

number  of  tubes  in  parallel 
Prandtl  number 

pressure  at  input  measuring  station,  kN/m2 
Input  pressure  in  line,  kN/m2 

pressure  at  output  measuring  station,  kN/m2 

output  pressure  in  line,  kN/m2 

pressure  drop,  kN/m2 
volume  flow,  m3/s 

real  part  of  known  series  Impedance,  kN-s/m 
real  part  of  unknown  Impedance,  kN-S/m 

resistance  of  transducer  hole,  kN-s/m3 

sensitivity 

transducer  scale  factors,  kN/m  -V 

transducer  readings  (forward),  V 

transducer  readings  (reverse),  V 

Imaginary  part  of  known  series  impedance,  kN*s/m 
Imaginary  part  of  unknown  impedance,  kN*s/m 

shunt  admittance,  m5/kN*s 
known  series  impedance,  kN*s/m 
correction  impedance,  kN*s/m5 

general  impedance,  kN*s/m5 

magnitude  of  impedance,  kN*s/m5 

input  Impedance  of  open  line,  kN*s/m5 

Input  impedance  of  blocked  line,  kN-s/m5 

unknown  impedance  (uncorrected) ,  kN-s/m5 

unknown  impedance  (corrected),  kN-s/m5 


ZT  -  impedance  of  tank,  kN-s/m5 

6  -  compressibility,  kN/m2 

Y  *  ratio  of  specific  heats 

e  -  fractional  error, 

v  -  kinematic  viscosity,  m2/s 

p  -  density,  kg/m3 

-  phase  reading  (forward),  radians 

-  phase  reading  (reverse),  radians 

4>  -  average  phase,  radians 
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I.  INTRODUCTION 


A  knowledge  of  the  impedances  of  passive  and  active  fluidic  com¬ 
ponents  is  essential  to  the  rational  design  of  fluidic  circuits.  For 
the  small  amplitude  pressure  and  flow  signals  that  often  occur  in 
fluidic  circuits,  we  define  fluidic  impedance  here,  in  accordance  with 
the  MIL-STD-1306A  [l],  as  the  ratio  of  the  pressure  drop,  Ap,  across  a 
component  to  the  volume  flow,  q,  through  the  component.  Thus,  the  general 
Impedance,  Z^,  may  be  expressed  as 

Zg  -  Ap/q 

This  definition  agrees  also  with  the  ASA  standard  acoustic 
impedance  [2]. 

Now,  despite  their  importance,  fluidic  impedance  measurements  are 
made  infrequently.  There  are  two  reasons  for  this: 

1)  The  impedance  can  frequently  be  calculated  quite  accurately,  and 

2)  The  impedance  is  difficult  to  measure  directly  because  of  the 
need  for  dynamic  flow  measurements. 

However,  Impedance  measurements  have  been  made  for  fluidic  amolifiers, 
where  the  theoretical  impedance  formulation  is  somewhat  uncertain. 

Brown  [3]  measured  the  input  and  output  impedances  of  a  proportional 
fluid  amplifier.  A  hot  wire  was  employed  for  the  dynamic  flow  measure¬ 
ment.  Madsen  [A]  described  the  application  of  the  hot  wire  In  fluidic 
components.  Both  of  these  investigations  show  that  the  use  of  the  hot 
wire  technique  is  inconvenient.  Another  method,  the  half-bridge  circuit, 
was  employed  by  Brown,  Boparai ,  and  Sheikh  [5]  to  determine  the  input 
impedance  of  a  proportional,  fluid  amplifier.  The  half-bridge  circuit, 
which  we  consider  In  greater  detail  in  this  paper,  is  basically  a  known 
and  unknown  impedance  in  series.  Brown,  et  al.  [5]  selected  very  small 
bore  tubing  for  the  known  impedance.  In  this  way,  they  were  assured 
of  an  essentially  resistive  component  throughout  the  frequency  range  of 
interest. 

While  information  and  examples  of  the  measurements  of  fluidic 
impedance  is  rather  sparse,  many  different  methods  have  been  devised  for 
the  measurement  of  acoustic  impedance.  Actually,  the  acoustic  methods 
may  be  separated  into  three  types: 

1 .  Pi rect  Method 

In  this  method  pressure  and  flow  are  measured  directly.  One  way 
to  measure  flow,  the  hot  wire,  has  already  neen  mentioned.  In  another 
embodiment  of  the  direct  method,  the  signal  driver  to  the  impedance  is 
a  piston  in  a  cylinder.  The  flow  is  determined  by  controlling  the  dis¬ 
placement  of  the  piston. 

2.  Transmission  Line  Method 

In  this  method  a  transmission  line  is  placed  between  the  signal 
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source  and  the  impedance  to  be  measured.  In  one  arrangement  a  probe  is 
moved  along  the  transmission  line  to  locate  the  maximum  and  minimum 
pressures.  The  ratio  of  the  pressures  and  the  location  of  the  minimum 
relative  to  the  unknown  impedance  determine  its  magnitude. 

3-  Comparison  Method 

This  method  requires  a  known  standard  impedance  to  compare  with 
the  unknown  impedance.  Bridge  circuits  of  various  types  employ  the 
comparison  method. 

In  this  paper  we  consider  fluidic  impedance  measurement  by  thr 
half-bridge  comparison  method.  Although  the  half-bridge  arrangemer t  is 
not  new,  recent  advances  in  fluid- line  theory  row  make  it  more  convenient 
for  impedance  measurement,  than  it  was  in  the  past. 

2.  HALF-BRIDGE  CIRCUIT 

2 . 1  Bas i c  C  i  rcui t 


Figure  1  shows  a  schematic  drawing  of  the  half-bridge  circuit. 

The  circuit  consists  of  a  known  impedance  and  an  unknown  impedance  in 
series.  For  the  known  impedance,  we  have  selected  a  bundle  of  three 
capillary  tubes  in  parallel.  The  reason  for  this  choice  is  that  the 
impedance  of  tubes  can  be  computed  quite  accurately  using  the  Nichols  [6] 
and  Brown  [7]  flu;d  line  models.  The  capillaries  are  essentially 
resistive  at  frequencies  far  below  the  viscous  characteristic  frequency, 
f  (NOTE:  f  *  V'/A  where  is  the  kinematic  viscosity  and  A  is  the 

V  \J 

cross-sectional  area).  However,  for  the  range  of  frequencies  of  interest 
here  (up  to  1000  Hz),  capillaries  smaller  than  0.070  mm  would  be  required 
to  provide  a  predominantly  resistive  component.  Tubes  of  this  size  are 
difficult  to  work  with  and  are  subject  to  clogging.  In  our  circuit  we 
use  0.^50  mm  capillary  tubes  and  treat  them  as  complex  impedances  with 
resistive  and  reactive  parts. 

Now  to  measure  the  magnitude  of  the  unknown  impedance,  Z^,  with 

this  circuit  we  require  two  pressure  transducers  and  a  signal  generator. 
The  input  transducer,  at  pressure  p,  is  upstream  of  the  known  impedance 
and  the  output  transducer  at  pressure  p^,  is  between  the  two  impedances. 

If  the  known  impedance  is  treated  as  a  transmission  line  the  half-bridge 
circjit  pressure  ratio  may  be  expressed  as 

Z 

- 5 - - -  (1) 

Z  cosh  rZY  +  vZ/Y  sinh  /ZY 
x 

where  Z  is  the  series  impedance  and  Y  is  the  shunt  admittance  of  the 
capillaries.  Quite  often  the  shunt  admittance  is  negligible.  This 
would  be  the  case  for  liquids  at  all  frequencies  or  for  gases  at  low 
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frequencies.  When  Y  is  small  enough  to  make  the  propagation  factor 
( /ZY)  small  also,  equation  1  reduces  to  the  familiar  relation 


P 


Z 

x 


Z  +  Z 


x 


(2) 


The  determination  of  the  unknown  impedance  requires  measurements 
of  the  amplitude  and  phase  of  the  pressure  (p  and  p^)  and  the  calculations 

with  either  equations  1  or  2.  As  we  shall  show  in  section  3,  the  accuracy 
of  the  impedance  measured  by  the  half-bridge  method  depends  on  the 
relative  values  of  the  known  and  unknown  impedances. 


The  main  purpose  of  our  half-bridge  circuit  is  to  find  the  input 
impedance  of  fluidic  amplifiers  that  have  passage?  of  approximately 
1 .0  mm  by  0.5  mm.  We  have,  therefore,  chosen  the  capillary  bundle  to  be 
compatible  with  these  dimensions.  The  capillary  bundle  consists  of  three 
tubes  with  an  inside  diameter  of  0.45  mm  and  a  length  of  25.4  mm.  From 
the  theory  of  Nichols  [6]  and  Brown  [7],  the  series  impedance,  Z,  and 
shunt  admittance,  Y,  of  lines  in  parallel  Is 


j[2mfpl/(nA)] _ 

2JJ1J  V2(8f/fu)  1/2] 

1  ‘  j  5/i (8f/fv) 1/2 JQC j  3/5 (8f/fv) D 


Y 


2(Y-1)J1[jV2(8NDf/fv)l/2j  -i 

+  jVS(8N  f/f  )17Tj  [j 37'5 ( 8n  >77,1/2 

J  p  v  o'"1  p  v'  j 


where 

j 

f 

P 

l 

n 

Y 

e 

N 

P 

J 

o 

J1 


-  rcT, 

■  frequency,  Hz 

-  densi ty,  kg/m3 

*  length  of  tubes,  m 

■  number  of  tubes  in  parallel 

■  ratio  of  specific  heats 

■  compressibility,  kN/m2 
»  Prandtl  number 

■  Bessel  function  of  zero  order 

■  Bessel  function  of  first  order 


(3a) 


(3b) 


The  capillary  bundle  (3  tubes,  d  ■  0.00045  m,  f 
shunt  admittance  that  has  a  negligible  effect  on  the 
up  to  about  1000  Hz.  The  dominant  part  of  the  known 
series  impedance,  Z.  For  convenience  we  may  write  Z 
form  as 


•  0.0254  m)  has  a 
hal f-bri  dge  ci rcui t 
component  is  its 
and  Zx  in  complex 


Z  -  R  +  j  X 


(4a) 


207 


W  iX,  W 

where  R  and  Rx  are  the  real  parts,  and  X  and  are  the  reactive  parts 

of  the  Impedances.  Figures  1_  and  3  show  the  X-R  plots  of  the  capillary 
bundle  that  were  calculated  from  equat’on  3 a  for  air  and  hydraulic  fluid 
(MIL-STD  5606-B).  Frequency  and  temperature  are  parameters  on  the  plots. 
The  solid  lines  represent  constant  temperature,  and  the  dashed  lines 
represent  constant  frequency.  For  example,  air  at  20°C  and  200  Hz  has 
Z  m  (-1535  +  j  .1040)  ( 1 0) 6  kN  *  sec/m5.  Under  the  same  conditions  of 
temperature  and  frequency  the  hydraulic  oil  series  impedance  is  Z  ■ 

(.190  +  j  .011)  (10)9  kN  -  sec/m5. 

2.2  Actual  Ci rcui t 


Figure  4  shows  a  lumped  equivalent  circuit  for  the  actual  half¬ 
bridge  circuit.  The  difference  between  the  actual  circuit  and  the  basic 
circuit  is  the  inclusion  of  the  effects  of  the  transducer  mounting  holes 
and  the  volume  between  the  known  and  unknown  Impedance.  'n  the  actual 
circuit  the  impedance  previously  designated  as  2^  is  the  parallel  com¬ 
bination  of  the  corrected  unknown  impedance,  Z  ,  and  the  correction 

xc 

impedance,  Z^.  Thus,  after  Z^  is  computed  from  equation  1  or  2  we  may 
find  the  corrected  unknown  impedance  by 


Z 

xc 


2 

x 


-  z  n 

X  c 


(5) 


The  correction 
volume  capacitance, 

Z  - 
c 


impedance,  is  the  parallel  combination  of  the 
C,,  and  the  transducer  well  impedance.  Thus, 

(1  -  4~'’f‘UC,)  +  j  (2 tt f  R,C,) 

- - - — -  (6) 

(-4^f2R:C  C  )  +  j  (2irf  [  Cj  +  Cj  -  Mf^CjC,) 


where  R,  L  and  C  refer  to  the  transducer  well  and  are  estimated  from 
its  dimensions.  In  gene'at,  and  especi al ly  at  the  lower  frequencies, 

Z^  is  a  very  large  impedance  compared  to  Z^. 

The  ratio  of  the  actual  pressures  measured  in  the  transducer  wells, 
p  / p,  is  the  same  as  the  ratio  of  chamber  pressures,  p  /p..  Thus, 

X  Ol 

no  other  correction  factors  are  required. 

3.  SENSITIVITY  OR  THE  HALF-BRIDGE  CIRCUIT 


As  previously  mentioned,  the  unknown  impedance  is  calculated  from 
equations  I  or  2  and  from  measurements  of  the  magnitude  and  phase  of 

the  pressures  p  and  p  .  Errors  in  these  measurements  cause  errors  in 

x 


2C.J 


the  calculated  impedance  value.  The  magnitude  of  the  impedance  error, 
however,  may  be  more  or  less  than  the  instrumentation  errors  and  depends 
on  the  parameters  of  the  half-bridge  circuit.  The  purpose  of  this 
discussion  is  to  indicate  quantitatively  the  effects  that  the  circuit 
parameters  have  on  the  impedance  error.  Let  us  begin  by  defining  the 
sensitivity,  S,  of  the  half-bridge  d’-cuit  as 


(dzx)/2x 

S  “  d(px/p)/(Px/p) 


(7) 


The  sensitivity  defined  in  equation  7  represents  the  relation 
between  pressure  measurement  changes  and  impedance  changes.  To  forma 
late  equation  7  in  terms  of  circuit  parameters,  we  use  the  simplified 
relation  of  equation  2  in  conjunction  with  equation  4  to  obtain 


P 


R  +  jX 
x  x 

(R  +  R  )  +  j  (X  +  X  ) 


(8) 


Differentiation  of  equation  8  by  the  rules  of  complex  algebra, 
and  using  equation  4  yields  the  sensitivity  function  as 


—  — 

RR  +  XX 

RX  -  XR 

X  X 

+  J 

X  X 

R2  4  X2 

—  — 

R2  +  X^ 

— 

(9) 


In  this  case,  the  sensitivity  function  by  itself  is  not  easily 
interpreted.  As  a  result,  let  us  consider  only  the  differential 
dZx/d(px/p)  which  from  equations  7  and  9  which  we  may  express  as 

3Tp"7pT  "  s<2«  *  z)  "0) 

for  purposes  of  this  analysis,  we  consider  only  those  cases  in 
which  the  real  and  imaginary  portion  of  the  measurement  error  are  ecuol 
in  magnitude  and  are  in  phase. 

Now,  we  designate  the  fractional  error,  c,  as  a  real  number  that 
applies  equally  to  both  the  real  and  imaginary  parts  of  the  pressure  ratio 
measurements.  That  is 

d(nx/p)  -  e(1  +  j)  (11) 

The  substitution  of  equation  11  into  equation  10  and  subsequent 

normal i zat ion  by  Z  ■  (R  ?  +  X  2)i  leads  to 
n  x  x 
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(12a) 


AR  [R  +  X  ][  (R  ♦  R  )2  -  (X  +  X)2]  -  2[R  -  X][R  +  Rj[X  +  XJ 

*  A  A  A  A 

>Zn  fR2  ♦  X2][Rx2  ♦  Xx‘]l 


X  [R  -  X ] r  ( R  +  R  )2  -  (X  +  X  )21  +  2 [ R  +  X][R  +  R  ][X  +  X  ] 
x  -  x  x  - 2 - 2-  (12b) 


[R2  ♦  X2][Rx2  +  Xx2]i 


Equation  12  a  and  b  represents  the  fractional  error  in  the  real 

and  imaginary  parts  of  the  unknown  Impedance  per  unit  fractional  error, 

,  in  the  pressure  ratio  measurements.  The  fractional  error  ratios, 

R  /  2  and  AX  hi  ,  from  equation  12  a  and  b  are  shown  plotted  versus 
x  n  x  n 

Rx/R  in  figures  5  and  6  for  X/R  ■  0  (low  frequency)  and  in  figures  7  and 

8  for  X/R  »  1  (viscous  characte ' i s t  i  c  frequency  of  capillaries).  In  all 
cases  the  reactive  portion  of  the  unknown  impedence  X  /R  appears  as  a 
parameter  on  the  curves. 


For  the  low  frequencies  (X/R  «  0,  figures  5  and  6),  only  the 
-esults  for  the  positive  values  of  Xx/R  are  given  on  the  curves.  The 

reason  for  this  is  that  when  the  unknown  reactive  portion  is  negative, 
the  real  and  imaginary  fractional  error  ratios  are  interchanged.  Thus 
at  X/R  -  0 


r 


R  R 


The  fractional  error  ratios  in  both  real  and  imaginary  parts  of  the 
unknown  impedance  increase  monoton i cal ly  when  Rx/R  is  greater  than  one 

and  increasing.  When  Rx/R  decreases  from  one  the  error  ratios  depend 

sianlf  cantly  on  the  X  /R  ratio.  For  X  /R  <  0.20  the  error  ratios 

X  X  — 

n c i e «. s i s ,  and  for  ^/R  0.50  the  error  ratios  decrease.  If,  for  example, 

nx/P  s  always  b  tween  0.20  and  5.00,  the  low-frequency  error  ratios  do 

net  exceed  9-  Under  these  conditions  a  one  percent  fractional  error 
results  in,  at  most,  a  9  percent  error  in  the  real  and  imaginary  com¬ 
ponents  of  the  normalize  unknown  impedance  ('R  /Z  and  AX  /Z  ). 

x  n  x  n 

At  the  intermediate  frequencies  (X/R  *  1)  the  fractional  resistance 
error  ratio,  ( ‘ R  /i ;Zn>  Figure  7)  is  approximately  the  same  as  the  low 

frequency  case  for  Rx/R  greater  than  one.  However,  for  low  values  of 
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fWR  the  resistance  error  ratio  Is  considerably  lower  than  In  the  low- 
frequency  regime.  The  fractional-reactance  error  (AX^/e l^,  Figure  8) 
decreases  when  R  /R  Is  greater  than  two.  For  the  lower  values  of  R  /R, 
the  fractional  error  depends  on  the  X^/R  ratio,  and  gets  very  high  when 
X^/R  Is  also  low.  In  all  cases  the  fractional-error  ratio  Is  less  than 
12  If  R^/R  falls  In  the  range  of  0.20  and  10.00. 

4.  EXPERIMENTAL  PROCEDURE  TO  DETERMINE  IMPEDANCE 

4.1  Instrunentatlon  Set-Up 

Figure  9  shows  a  block  drawing  of  the  test  arrangement.  A  fluidic 
signal  generator  (developed  at  HDL  by  K.  Toda)  has  a  dynamic  range  of 
approximately  60db  and  a  frequency  range  up  to  1000  Hz.  The  signal 
generator  supplies  low-level,  fluid  signals  to  the  half-bridge  circuit 
(the  known  impedance  and  test  specimen  In  series).  The  pressure  at 
each  end  of  the  known  Impedance  Is  sensed  by  a  microphone-pressure  trans¬ 
ducer  and  preamplifier  combination.  The  amplitude  of  the  output  of  the 
microphones  Is  measured  by  a  distortion  Insensitive  rms  voltmeter  with 
accuracy  ±0.04  percent  of  reading  plus  0.02  percent  of  full  scale.  The 
phase  of  the  microphone  outputs  is  measured  on  a  gain-phase  meter  with 
an  accuracy  of  ±0.1  degrees.  An  electronic-function  generator  drives 
the  fluidic  signal  generator  and  the  driving  frequency  is  measured  by 
a  frequency  counter. 

4.2  Test  Procedure 


The  component,  whose  Impedance  is  to  be  determined,  is  placed  down¬ 
stream  of  the  known  impedance.  The  data  are  then  taken  one  frequency 
at  a  time.  Thus,  to  begin  a  test,  the  frequency  is  set  at  the  function 
generator  and  measured  by  the  frequency  counter.  With  the  frequency 
fixed,  the  waveform  of  the  input-pressure  signal  is  observed  on  an  oscil¬ 
loscope.  The  amplitude  signal  from  the  function  generator  is  adjusted 
until  the  waveform  is  reasonably  sinusoidal.  At  this  point,  the  voltage 
(Vj  and  V2)  from  the  microphone  transducers  and  their  phase  relation  ($p) 

are  recorded.  The  pressures  at  the  measuring  stations  are 


Vi 

(13a) 

V2T2 

(13b) 

where  Tj  and  T^  are  the  scale  factors  for  the  microphone  transducers. 

Since  the  scale  factors  of  the  microphones  are  not  the  same,  the  ratio 
of  voltages,  V2/Vj,  is  not  equal  to  the  pressure  ratio,  p^/p.  To 

eliminate  consideration  of  the  transducer  scale  factors,  we  now  reverse 
the  position  of  the  microphones  and  record  voltages  V3  and  and  phase 
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$  .  In  this  case  the  pressures  at  the  measuring  stations  are 
K 

P  -  Vr 
Px  -  V, 


(14a) 

(14b) 


From  equations  13  and  14  we  may  express  the  pressure  ratio,  p  /p, 
in  terms  of  the  voltage  readings  only  as 


V  V 
W4VP 


1  J 


V  V 

v?t 


The  phase  value,  |,  is  taken  as  the  averaqe  of  the  forward  and 
reverse  phase  readings,  so  that 


(15) 


*F  +  *R 


(16) 


The  process  described  above  is  repeated  for  each  frequency  desired. 
4. 3  Calculation  Procedure 


The  forward  and  reverse  test  data  from  the  microphones  are  used 
to  determine  p  / p  and  i  from  equations  15  and  1 6 .  The  pressure  ratio 

magnitude  and  phase  angle  are  then  transformed  into  the  complex  represen¬ 
tation  (R  ’  p^/p  ♦  jlm  , Px /p ] )  and  the  computation  proceeds  with  complex 

variables.  Equations  I  and  3  are  now  applied  and  a  solution  is  obtained 
for  Z  ,  the  uncorrected  impedance  of  the  test  specimen.  Finally  the  use 

of  equations  5  and  6  determines  the  corrected  values  of  the  real  and 
inag inary  parts  of  the  unknown  impedance. 

The  FORTRAN  listing  of  a  program  to  perform  the  calculations 
described  above  is  given  in  appendix  A.  In  addition  the  FORTRAN  program 
was  adapted,  by  Arthur  Hausner  of  HDL,  to  the  WANG  520  language  [9]  so  that 
the  calculations  could  be  performed  on  the  WANG  programmable  desk  calcu¬ 
lator. 

5  EXPERIMENTAL  RESULTS 


To  check  the  half-bridge  impedance  measuring  setup,  experiments 
were  performed  on  two  configurations  which  had  impedances  that  were 
theoretically  calculable.  Additional  experiments  were  made  to  determine 
the  input  impedance  of  a  laminar  proportional  amplifier. 

Figure  10  shows  the  calculable  configurations.  The  cvlindrical  brass 
test  line  0.00164  m  in  diameter  and  0.762  m  long  was  tested  open  (as 
shown  in  fiqure  10a)  and  with  one  end  blocked  by  a  flat  plate.  The  open 
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and  closed  Input  impedance  of  the  test  line.  Z  and  Z  are: 

oo  oc 


-  /Z77  tanh  vl? 

OO 

(17a) 

-  /Z/Y  coth  /5Y 
oc 

(17b) 

where  Z  and  Y  are  obtained  from  equations  3a  and  b  using  the  appropriate 
dimensions  for  the  test  line  (the  diameter  of  the  test  line  was  confirmed 
by  s tat ic  measurements  and  the  Hagen-Poiseui I le  equation). 

Figure  10b  shows  the  other  calculable  Impedance,  a  cylindrical 
tank  (0.0367  m  long  and  0.0238  m  diameter)  and  entrance  section  (0.020  m 
long  and  0.0032  m  diameter).  The  impedance  of  the  tank  is  calculated 
by  inverting  the  admittance  formulation  given  in  equation  3b.  The 
resistance  of  the  short  entrance  section  is  estimated  from  Shapiro,  Siegel 
and  Kline  [8]  as  607  kN  -  sec2/m5.  Thus  the  impedance  of  the  tank  and 
entrance  length  combination  is: 

ZT  -  607  +  y  ♦  j[2.98)(2rf)]  (18) 

where  the  tank  dimensions  must  be  used  in  equation  3b  to  find  Y. 

Figures  11  and  12  present  the  data  taken  on  the  test  line  and  the 
theory  given  in  equations  17a  and  b.  In  each  figure  the  solid  line  is 
the  theoretical  real  part  and  the  dashed  line  is  the  theoretical 
Imaginary  part  of  the  test  line  impedance.  When  the  test  line  is  open 
(Figure  11),  resonances  occur  at  about  200  and  400  Hz  where  the  impedance 
Is  a  minimum  and  has  no  imaginary  part.  The  impedance  also  has  no 
Imaginary  part  at  frequencies  of  about  95  Hz,  300  Hz  and  500  Hz.  In 
these  cases,  the  impedance  has  a  local  maximum.  For  the  closed  test  line 
(fig.  12)  the  pattern  is  reversed.  Resonances  occur  at  about  90  Hz, 

300  Hz  and  500  Hz,  the  frequencies  of  minimum  Impedance.  The  local 
maximum  impedance  values  occur  at  approximately  200  and  410  Hz.  The 
data  superimposed  on  figures  11  and  12  show  good  agreement  with  the 
theoretical  pradictions  near  the  resonant  conditions.  However,  dis¬ 
crepancies  of  up  to  35  percent  of  impedance  magnitude  (Rx/Zn  and  Xx/Zn) 

may  b;  observed  in  the  real  part  maxima  and  the  imaginary  part  minima. 
These  discrepancies  exceed  the  expected  errors  developed  in  the  sensitiv¬ 
ity  analysis.  As  an  additional  check,  the  data  was  retaken  with  two  of 
the  known  Impedance  tubes  blocked.  This  increased  the  upstream  impedance 
by  a  factor  of  3  and  should  have  lessened  the  disagreement  in  the  vicinity 
of  the  maxima  and  minima.  Nevertheless,  the  results  obtained  with  one 
tube  in  the  known  impedance  bundle  produced  results  that  were  within  a 
few  percent  of  those  shown  In  figures  11  and  12.  The  possibility  that 
the  discrepancies  might  be  caused  by  a  lack  of  rigidity  in  the  brass 
test  line  was  eliminated  when  steel  and  tygon  test  lines  of  the  same 
dimensions  also  yielded  approximately  the  same  results.  Thus  the  reason 
for  the  discrepancies  in  those  selective  frequency  regions  is  not  clear. 
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Figure  13  compares  the  data  taken  on  the  tank-entrance  length 
combination  with  the  theory  expressed  in  equation  18.  In  this  case 
the  agreement  between  data  and  theory  Is  good  throughout  the  test  range. 
The  discrepancies  are  always  less  than  10  percent. 

Tests  were  also  performed  to  measure  the  input  impedance  of  a 
laminar  proportional  amplifier  with  a  power  nozzle  width  of  0.51  mm, 
a  control  nozzle  width  of  2.03  mm  and  a  depth  that  consisted  of  6  parallel 
0.1  mm  thick  laminates.  The  power  jet  pressure  was  1.0  kN/m2.  Through¬ 
out  the  tests,  the  steady  flow  in  the  opposite  side  control  was  adjusted 
to  maintain  equal  blocked  output  pressures.  Figure  14  shows  the  Input 
impedance  of  the  amplifier.  As  might  be  anticipated,  the  impedance 
is  primarily  resistive  at  the  low  frequencies.  At  100  Hz  the  Inductive 
reactance  is  only  10  percent  of  the  resistance.  This  percentage  Increases 
with  frequencv  and  at  500  Hz  the  reactance  is  88  percent  of  the  resistance. 

6.  SUMMARY 


Impedance  measurement  by  the  half-bridge  circuit  is  considered  in 
detail.  The  half-bridge  method  is  a  comparison  method  and,  therefore, 
requires  a  reference  impedance.  A  parallel  array  of  capillary  tubes  was 
selected  for  the  reference  impedance  because  the  Nichols  Brown  model  for 
fluid  transmission  lines  provides  an  accurate  representation  of  the 
inpeda-ce . 

A  sensitivity  analysis  of  the  half-bridge  circuit  showed  that  the 
relative  sizes  of  the  unknown  and  reference  impedances  affects  the  over¬ 
all  accuracy  of  the  method.  For  example,  at  low  frequencies  if  the 
unknown  impedance  is  much  larger  or  much  smaller  than  the  reference 
impedance,  experimental  errors  are  magnified. 

The  experimental  setup  and  measurement  procedure  is  indicated.  In 
addition  a  very  general  computer  program  is  listed  so  that  impedances 
can  be  computed  from  measurements  on  components  for  any  size  and  number 
of  tubes  in  the  capillary-bundle  reference  impedance- 

To  test  the  half-bridge  method,  the  impedance  was  measured  on 
several  passive  components  for  which  the  impedance  could  also  be  analytically 
determined.  These  components  included  an  open-and-closed,  long-fluid 
line  and  a  tank-ent ranee  combination.  The  agreement  between  measurement 
and  theory  was  wit  in  10  percent  for  the  tank-entrance  combination 
and  was  equally  good  for  the  lines  near  the  resonant  frequencies.  How¬ 
ever,  there  was  up  to  35  percent  discrepency  at  intermediate  frequencies 
where  the  impedance  magnitudes  were  largest.  We  are  unable  to  explain 
these  large  discrepancies. 

As  an  example  of  the  utility  of  the  half-bridge  method,  the  results 
of  measurements  of  the  input  impedance  of  a  laminar-proport ional  amplifier 
are  given. 
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APPENDIX  A 


C  PROGRAM  TO  COMPUTE  IMPEDANCE  FROM  DATA  TAKEN  ON  HALF-BRIDGE 
C 

COMPLEX  Z,V,ZC,G,CS,CC,CT,CI*PX*ZM,ZMC*ZN*ZO*ZCO 
C  TRANSDUCER  HOLE  CORRECTION  PARAMETERS 
C0*8.7881E-0H 
CF*6.4351£-0ti 
ED*3 . 41 
RD*3.284fc>C8 
C 

C  FOR  KNOWN  UPSTREAM  IMPEDANCE  ENTER  DIAMETER  OF  TUBES  ,0  »  LENGTH 
C  OF  TUBES*  EL  ,  IN  METERS  »  ANC  NUMBER  OF  TUBES  »  EN 
C 

U=. 00045 
El  =  •  0254 
EN=  3  • 

ENTER  KINEMATIC  VISCOSITY*  V,  IN  SQ.  M.  PER  SEC.*  OENSITY*  DEN.*  IN  KG. 
PER  CUBIC  M,  rtLIK  MODULUS*  COMP,  IN  KN.  PER  SO.  M.  AND  RATIO  OF 
SPECIFIC  HEATS,  CL 

V=14  . 86E-06 
OEN= 1.2 
COMP= 101 . 35 
Gl*l.4 

ENTER  NUMBER  OF  DAT  A  POINTS,  N 
N*74 

DO  7  1*1, N 

READ  (5*4)  F.PIl. P!2,P01,P02,PH1 ,PH2 
C 

C  CATA  IS  READ  HERE  .  DATA  CAROS  FOLLOW  SDATA  CARD 
C  AT  END  OF  PROGRAM  AND  MUST  HAVE  FORMAT  4  . 

C  FREQUENCY  IN  CCL.  1-10  •  INPUT  VOLTS  IN  COL.  11-20  ,21-30 
C  CUTPU’’  VOLTS  IN  COL.  31-40  ,  41-50  ,  PHASE  DEGREES 

C  IN  COL.  51-60  ,  61-70 
C 

4  FORMAT  (7F1U.1) 

PM* SORT  I P01*P02/( P I l*PI2 ) I 
R*(PHl«-PH2)/(  2.  *57.2958) 

PR*PM*COS(RI 
PA| *  PM*S I N( R ) 

PX*CMPLX(PR,PAI) 

CALL  CHAMP  ( D, EL , V, DEN ,C0MP, GL  ,E N, F , Z , V, ZC,G ) 

CALL  COHY  (  G*  CS«  CC*  CT*C I ) 

ZM«PX*ZC*CS/( l.-PX*CC) 

EB*ED*DEN 

CB=CF/(COMP*GL) 

CA*CO/ (COMP*GL ) 

RB*RD*V 

WNR=1.-39.478*F*F*EB*CB 
WNI=6.293*F*RB*CB 
ZN*CMPLX (WKR«WNI ) 

WDR*-39. 478*F*F*PR*C  A*CB 

WDI  =  6.263*F*(CA+CB)-248.05*F*F*F*EB*CA*CB 

ZO*CMPLX(WCR,WDI ) 

ZCO*ZN/ZC 
ZMt=ZM/( l.-ZM/ZCO) 

WRITE  (6*10)  F,ZMC 
10  FORMAT  (  F 10 . 1 *2E 1 5. 4 ) 
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7  CONTINUE 
STOP 
END 

il BFTC  SKI 

SUBK OUT  I NE  CHAMP  ( 01  A , FL , V  IS , DEN , COMP , Gl ,  EN, FREQ , l , Y , ZC , GAM ) 
COMPLCX  Z,Y,ZC,GAM,C,CJ0Z,C.J1Z,CJ0Y,CJ1Y,DNZ,CNY 
C=CMPLX< u.O,  l  .0) 

01=6.  ?8?  185*FREC 
OV=i:. *VIS/{0IA*I51A) 

AZ=SC RT  (  :'.*OM/OMV) 

A  Y=.*‘t*A? 

hLA=()R*rjfcN*i!L/  JtNv7b5.4*UI  A*OI  A) 

RCA=(JM*;;n».765A*I  IA*niA*FL/IGL*COMP  ) 

CALL  PER  I  IA/,0,ZK0,ZI0, J.E-10) 

CALL  PE,<  i  <  AZ,  1,7R1,ZII,  l.t-IO) 

CALL  PERI  (AY,0,YR(  ,YI', 1 . E- 1 0  I 
CALL  PEkI  (AYfltYRl*  YIl,l.F.-10) 

CJ07=CMPLX(ZR0,ZI0) 

CJ1Z  =  CMPLXIZP1  *zm 
CJ0Y  =  CMPI.XlYP.0,YiO) 

CJIY=CM?LX(YRI,YI 1) 

GNZ*  2 • *C J 1 Z/ ( C*CSQR1 (C)*AZ*CJOZ> 
i- C*wLA/ ( 1.-UN7J 

HNY=.'.*(  :.L-l.  )*CJIY/  (C*CSCRTIC)*AY*CJOY» 

Y=C*KC  A*-  (  l.  +  uNY) 

ZC=C  SORT ( Z/Y  ) 

GAM=l  SCH  T  (  Z  «■  Y ) 

RETURN 

END 

$  I BFTC  SK? 

SUBROUTINE  CCHY  (  GM,  CSNHf  CCSH,  Cl  NH,  C.C  TH  ) 

COMPLEX  GMtCSNH.CCSM.CTNH.CCTH 
AL=REAL( GM) 

GL  =  A  I  MAG ( GM ) 

SH=S I NH ( AL  ) 

CH*COSHI  AL  ) 

SN=SIN(RL) 

CS=COSIBL) 

XP=SH+CS 

XQ=CH*SN 

CSNH=CMPLX ( XP »  XU ) 

XV=CH*CS 

XW=SH*SN 

CCSti  =  CMP LX  ( X  Y ,  XX  ) 

CTNH=CSNH/CCSH 

CCTH=1./CTNH 

RETURN 

END 

il BFTC  SKJ 

SUBROUTINE  BFR I ( ARG, NU* BER,BE I ,  ERROR ) 

DOUBLE  PRECISION  SR, S I , S < 4 ) , C  (  4 1 , X4 , T , FN , FK 
SI  =  2.3S61944em92J449  *  FLOAT ( NU ) 

X4  =  AKG*ARG*.25 
C(I)  =  UcOS(SI) 

Sill  =  OSIMSI) 

DO  6  I  =  2,4 
K  =  I-I 
C(I)  =  -SIX) 

5  Sill  =  C  C K  » 

T  =  l./GAMMft(FLOAT(NU)  ♦  I.) 
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SR  2  T*C<1) 

si  =  mm 

i  *  2 

DO  30  K  =  1,1000 
FN  2  K  4  NU 
FK  8  I 

T  »  ( <T/H()/FN)*X4 
SR  *  SR  ♦  T*C I  I) 
si  2  si  ♦  T*sm 

IF  (  T.LE.fcRRCK*DMINl(DABS(SR),DABSISI  >>>  CO  TO  35 

1  =  14  1 

IF  (I. EC. 5)  I  2  l 
30  CONTINUE 

35  IFKARG.NE.'.I.  OR.  ( NU.NE.O) )  GO  TO  40 
X4  2  1. 

00  TO  45 

40  X4  2  (ARG*.*>)**NU 
45  BER  2  SR*X4 
BE  I  =  SI  *X4 
RETURN 
END 

$0ATA 
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Figure  1.  Schenet 
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Figure  5.  Fractional  Error  In  Real  Part  of  Unknown 
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Figure  11.  Impedance  of  Open  Test  LI 


igure  12.  Impedance  of  Closed  Test  Line 


Figure  13.  Impedance  of  Tank-Entrance  Length  Com 
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ABSTRACT 


An  experimental  study  of  signal  transmission  in  fluidic  inter¬ 
connections  is  described.  Both  rectangular  channels  and  flexible  tubing 
typically  used  in  fluidic  circuits  are  considered.  Steady  flow  pressure 
looses  for  various  line  configurations  are  correlated  in  terms  of 
friction  factors  and  minor  loss  coefficients.  Circuit  design  based  on 
these  results  and  gate  characteristics  is  discussed.  Experimental 
results  for  the  transient  response  to  the  output  of  a  typical  digital 
gate  are  presented.  An  approximate  correlation  for  estimating  the 
total  delay  time  in  the  switching  of  the  downstream  gate  is  suggested. 
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SYMBOLS 


a  Channel  Height 

b  Channel  Width 

c  Sonic  Speed 

Hydraulic  Diameter 
f  Friction  Factor 

8C  Gravitational  Constant 

K  Minor  Loss  Factor 

N^  Reynolds  Number 

L  Channel  Length 

P  Pressure 

t  Time 

At  Total  Delay  Time 

V  Velocity 

P  Fluid  Density 

t  Time  Constant 

v  Fluid  Kinematic  Viscosity 

Subscripts 

1  Upstream  End  of  Channel 

2  Downstream  End  of  Channel 

c  Control 

i  Initial 

f  Final 

t  Total 
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INTRODUCTION 


The  successful  design  of  fluidic  circuits  often  depends  primarily 
upon  careful  consideration  of  the  physical  layout  of  the  gates  and  the 
design  of  the  interconnections. 

Once  the  required  logic  has  been  determined,  the  implementation  of 
fluidic  hardware  to  accomplish  a  desired  control  function  presents  the 
designer  with  some  unique  problems.  The  interconnections  in  a  fluidic 
circuit  are  made  either  with  tubing  or  with  channels  in  an  integrated 
circuit  block.  In  both  cases  the  fluid  must  follow  a  complex  path 
through  channels  with  change  of  direction,  change  of  area,  branches,  and 
many  restrictions.  Figure  1  illustrates  the  typical  interconnections 
used. 


Figure  2  shows  a  schematic  of  a  complex  interconnection  between 
digital  gates  with  typical  curves  for  the  pressure  as  a  function  of  time 
at  the  upstream  and  downstream  ends  of  the  line,  where  p  is  the  control 
pressure  required  to  switch. 

The  circuit  designer  must  be  able  to  design  the  Interconnections  to 
carry  signals  for  a  wide  range  of  operating  conditions.  Typical  design 
situations  can  be  categorized  according  to  the  relative  Importance  of 
the  steady  state  and  transient  behaviors.  The  simplest  case,  which  is 
also  a  common  and  important  one,  is  low  frequency  applications  where  the 
predominate  concern  is  to  limit  the  steady  flow  losses  in  the  inter¬ 
connecting  passages.  In  other  situations  only  the  transient  behavior  is 
of  concern,  while  a  third,  and  more  complex  situation,  occurs  when  both 
the  steady  state  losses  and  the  transient  behavior  must  be  considered 
simultaneously. 

A  considerable  amount  of  work  has  been  done  on  the  propagation  of 
signals  in  fluid  lines,  and  there  is  a  large  body  of  literature  devoted 
to  the  subject.  A  survey  of  techniques  for  modeling  fluid  transmission 
lines  was  recently  given  by  Goodson  and  Leonard  (1).  For  steady  state 
losses  in  fluid  lines,  there  is  also  a  great  deal  of  Information  available, 
much  of  it  in  typical  elementary  textbooks  on  fluid  mechanics. 

Although  the  general  concepts  associated  with  both  transient  and 
steady  flow  apply  to  fluidic  circuits,  there  is  a  need  for  specific  design 
information  and  simple  procedures  or  techniques.  For  steady  flow  analysis 
there  is  not  enough  information  available  on  loss  coefficients  for  typical 
fluidic  connections.  In  the  case  of  transient  behavior  a  typical  fluidic 
circuit  involves  short,  complex  lines  where  the  application  of  sophisti¬ 
cated  mathematical  analysis  does  not  present  a  viable  design  technique. 

This  paper  is  intended  to  be  an  aid  for  designers  by  providing  a 
reasonably  simple  and  reliable  design  technique  for  fluidic  intercon¬ 
nections.  The  steady  state  approach  is  sufficiently  accurate  for  most 


235 


applications  but  more  information  on  loss  coefficients  would  be  helpful. 
The  prediction  of  transient  behavior  is  presented  as  a  workable  approxi¬ 
mation  and  is  in  no  way  intended  as  a  substitute  for  more  rigorous 
approaches  where  the  transient  behavior  is  critical. 


EXPERIMENT 


Experiments  were  conducted  with  rectangular  channels  and  flexible 
tubing  typical  of  those  used  in  fluidic  circuits.  The  ceramic  channels 
were  constructed  with  various  lengths,  sizes,  and  geometric  configu¬ 
rations.  Figure  3  is  a  photograph  of  typical  channels.  A  total  of  23 
different  line  geometries  were  tested  as  listed  in  Table  1.  (The  layer 
step  refers  to  rectangular  channels  in  different  horizontal  planes  con¬ 
nected  by  a  vertical,  cylindrical  hole.)  Two  channels  of  each  geometry 
were  tested  at  various  flow  rates,  or  nozzle  loads.  Additional  experi¬ 
ments  were  conducted  on  rectangular  channels  in  actual  Integrated 
circuits,  especially  constructed  so  that  pressures  could  be  measured  at 
various  points  in  the  circuit.  Flexible  tubing  with  inside  diameters  of 
0.075  and  0.125  inch  were  tested  along  with  typical  fittings. 

Steady  f  1  ovr  pressure  losses  were  measured  with  static  taps,  located 
a  known  distance  apart,  and  a  water  manometer.  Minor  loss  facto? £  were 
determined  by  subtracting  the  pressure  drop  for  a  straight  channel  from 
that  for  a  channel  of  the  same  length  and  size  but  different  geometric 
configuration.  The  flow  rate  was  measured  with  calibrated  laminar  flow 
channels. 


For  the  transient  experiments,  the  static  taps  were  replaced  with 
pressure  transducers  connected  to  an  oscilloscope.  (The  vertical, 
pressure,  scale  was  not  calibrated  in  all  cases,  so  the  traces  show  the 
pressure  relative  to  the  steady  flow  value.)  The  transient  signal  at 
the  upstream  end  of  the  channel  was  the  output  of  a  commercially  availa¬ 
ble  flip-flop,  which  was  controlled  by  an  OR/NOR  gate-  Similar  gates 
were  used  as  loads  at  the  downstream  end  of  the  line.  All  of  the  gates 
had  a  nominal  nozzle  size  of  0.010  x  0.020  inches.  The  tests  were 
conducted  at  supply  pressures  to  the  flip-flop  of  5  and  10  psig.  The 
experimental  apparatus  and  procedure  are  described  more  fully  in  refer¬ 
ences  2  and  3. 

Steady  Flow  Pressure  Loss 

The  steady  flow  total  pressure  loss  for  a  rectangular  channel  or  a 
tube  can  be  expressed  as  a  function  of  the  fully  developed  friction 
factor,  f,  and  minor  loss  coefficients,  K, 


aPt  -  <*  *  »  21 


(1) 
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When  the  velocity  Is  constant,  the  total  pressure  loss  Is  the  same 
as  the  drop  In  static  pressure.  For  incompressible  flow. 


Ap  -  (p,  +  °V1  )  -  (P;  +  PV2  ). 

2‘= 


(2) 


The  hydraulic  diameter  Is  defined  as 


h  »  4  area  _  2  ab  (for  rectangular 
n  perimeter  o+b  channel) 

■  diameter  (for  tube). 


(3) 


The  Reynolds  number  is 


V 


(4) 


The  friction  factor  for  fully  developed  laminar  flow  can  be  calcu¬ 
lated  from  the  equation  of  motion,  which  agrees  well  with  experiments 
(see  references  4  and  5)  for  example) . 


'  ’  l 


(5) 


The  constant,  C,  is  equal  to  64  for  tubing  and  depends  on  the  aspect 
ratio  for  channels — 56  for  a  square  channel  and  96  for  a  two-dimensional 
channel  (very  low  aspect  ratio).  The  aspect  ratio  is  the  channel  height 
to  width  ratio  a/b,  defined  such  that  it  is  equal  to  or  less  than  1.0. 

Figure  4  shows  the  theoretical  and  experimental  values  of  the 
friction  factor  for  rectangular  channels  and  tubes  as  a  function  of  the 
Reynolds  number  and  aspect  ratio.  Although  there  is  some  experimental 
scatter,  the  data  follow  the  theory  reasonably  well.  The  experimental 
values  have  been  reduced  from  the  measured  data  by  one  dynamic  head  to 
account  for  entrance  losses,  which  should  be  Included  as  a  minor  loss. 
This  approximation  probably  introduces  some  error,  but  was  suggested 
from  a  more  detailed  analysis  (reference  6). 

In  the  above  analysis  for  the  friction  factor,  equation  5,  it  is 
assumed  that  the  flow  is  essentially  laminar,  although  equation  1  is 
valid  for  laminar  or  turbulent  flow.  The  agreement  between  theory  and 
experiment  indicates  that  this  assumption  is  reasonable  for  the  cases 
tested,  which  were  considered  to  be  those  most  often  encountered  in 
actual  fluidic  circuits.  (Turbulent  flow  was  treated  in  reference  7). 


Minor  losses  are,  in  general,  difficult  to  treat  analytically. 
There  are,  however,  some  standard  approximations,  such  as  those  for 


237 


sudden  ares  changes,  and  some  analyses  for  specific  cases  (see  reference 
8,  for  example).  The  approach  taken  here  Is  strictly  empirical  and  it 
Is  expected  that  In  most  cases  an  uncertainty  of  one  dynamic  head  will 
not  be  critical.  (The  minor  loss  approach  Is  used  instead  of  an  equiva¬ 
lent  length  because  the  loss  coefficient  is  more  nearly  constant  with 
flow  rate  for  laminar  channel  flow).  Table  2  gives  the  minor  loss 
coefficients  determined  from  the  experiments.  For  area  changes,  the 
upstream  velocity  is  generally  used,  but  here  the  minor  loss  factor  must 
be  based  on  the  velocity  used  in  equation  1.  Thus,  K  for  the  tubing 
adaptor  is  based  on  the  velocity  in  the  downstream  tube  and  is  much 
higher  than  normal  for  this  geometry. 

To  use  the  above  results  for  circuit  design,  one  must  know  the  gate 
characteristics.  For  safe  design,  one  should  bse  minimum  characteristics 
such  as  those  specified  by  the  manufacturer  or  determined  from  a  stati¬ 
stical  study.  Figure  5  shows  minimum  characteristics  for  a  typical, 
commercially  available  OR/NOR  gate.  (Based  on  a  statistical  study,  these 
characteristics  are  somewhat  conservative).  For  example,  the  intersections 
of  the  minimum  control  nozzle  Impedance  curve  (for  the  load  considered) 
and  the  maximum  switch  pressure  curve  determines  the  minimum  flow  required. 
The  difference  between  the  minimum  output  pressure  at  this  flow  and  the 
maximum  switch  pressure  is  the  maximum  pressure  loss  that  can  be  tolerated 
in  the  interconnecting  line. 

Transient  Behavior 

Although  the  oscilloscope  traces  (Figure  6)  represent  the  actual 
transient  pressure  in  the  lines  in  response  to  the  output  signal  of  a 
flip-flop,  they  depend  on  the  particular  geometry  tested.  Thus  the 
results  are  Included  here  primarily  for  qualitative  use  in  design,  or, 
at  best,  a  very  rough  quantitative  approximation.  The  results  should  be 
used  with  caution  for  geometries  other  than  those  tested.  The  signal 
depends  on  the  driving  gate  and  load  as  well  as  the  interconnecting  line. 
For  all  of  the  experiments  reported  here,  the  gates  had  a  nozzle  size  of 
0.010  x  0.020  inch,  and  the  line  size  should  be  considered  in  relation  to 
this  area. 

Figure  6  shows  typical  results  taken  from  approximately  200  oscil¬ 
loscope  traces.  They  are  intended  to  show,  at  least  qualitatively,  the 
effect  of  line  size,  length,  load,  supply  pressure,  and  geometry  on  the 
transient  signal.  Results  are  included  for  the  signal  rise,  when  the 
gate  is  switched  into  the  line,  and  signal  decay,  when  the  gate  is 
switched  out. 

To  interpret  these  results,  it  is  helpful  to  define  a  time  constant, 
t,  based  on  the  initial  slope  of  the  non-dimensional  pressure  curve. 


For  Che  rectangular  channels,  Che  time  constant  at  the  upstream  end 
of  the  line  depends  primarily  on  the  gate  characteristics.  In  all  cases 
tested 

_3 

“  0.2  x  10  sec  (rectangular  channels)  (7) 

for  rise  and  decay  of  the  signal.  The  shape  of  the  curve  depends  on  the 
channel  size  and  load.  For  medium  channels  (0.035  x  0.060  Inch)  with  one 
nozzle  load  and  large  channels  (0.055  x  0.060  inch)  with  two  or  three 
nozzle  loads,  the  signal  Is  roughly  linear  to  its  final  steady  value,  but 
some  wave  reflections  are  apparent.  For  large  channels  with  one  nozzle 
load,  the  pressure  increases  to  its  final  value  with  the  first  wave 
reflection.  For  the  small  channels,  the  initial  pressure  exceeds  and 
then  decays  to  its  final  value. 

At  the  downstream  end  of  the  rectangular  channels,  the  time 
constant  is  approximately 

3 

t 2  -  0.4  -  0.5  x  10  sec  (rectangular  channels)  (8) 

for  all  but  the  smallest  channels  tested.  (There  is  a  slight  Increase 
with  length  and  size,  but  most  of  the  channels  are  within  the  above 
approximation).  Again,  for  medium  channels  with  one  nozzle  load  and 
large  channels  with  two  or  three  nozzle  loads,  the  signal  is  roughly 
linear  to  its  final  value.  For  large  channels  with  one  nozzle  load, 
there  is  an  initial  overshoot  in  the  pressure.  For  small  channels,  there 
is  more  delay  in  reaching  the  final  pressure.  With  the  linear  approxi¬ 
mation,  the  total  delay  time  for  a  signal  to  reach  a  given  value,  p  , 
can  be  estimated. 

t  (Pc  " 

At  *  —  +  t -  - r  (rectangular  channels)  (9) 

c  1  (Pf  “  Pj) 

Although  equation  9  is  empirical  and  very  approximate  it  agrees  within 
0.1  x  10"^  sec  for  90  per  cent  of  the  channels  tested  and  within 
0.2  x  10  J  sec  for  all  of  the  channels. 

For  the  flexible  tubing,  the  transient  behavior  is  more  exponential 
as  would  be  expected  for  a  resistance-capacitance  circuit.  This  behavior 
Is  due  to  the  relatively  large  volume  of  the  tubes  and  the  large  re¬ 
sistance  of  the  tubing  adapter.  The  pronounced  effect  of  increased  load 
is  because  the  loads  were  added  by  parallel  tubes  from  the  upstream  end, 
rather  than  adding  them  at  the  downstream  end  as  was  done  with  the 
rectangular  channels.  For  the  tubing  tested,  the  time  constant  varies 
from  1.0  -  2.0  x  10~3  sec  for  one  nozzle  load  to  4.0  -  5.0  x  10“  ^  sec 
for  three  nozzle  loads. 


CONCLUSIONS 


The  steady  flow  pressure  losses  in  typical  fluidic  interconnections 
can  be  calculated  reasonably  well  using  a  fully  developed  friction  factor 
and  minor  loss  coefficients.  Except  for  long  lines  with  large  minor 
losses,  a  line  cross-section  of  approximately  10  times  the  load  nozzle 
area  should  be  a  safe  design  rule.  In  this  case,  one  dynamic  head  in  the 
line  is  approximately  1.0  per  cent  of  the  control  pressure  and  0.1  per 
cent  of  the  supply  pressure. 

For  the  transient  response,  a  line  area  of  approximately  10  times 
the  load  area  also  gives  a  reasonably  veil  matched  condition.  For  the 
gates  and  lines  tested,  the  total  time  delay  is  approximately  the  sonic 
delay  plus  0.4  -  0.5  x  10-3  sec. 
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Geometry 

Straight 
Straight 
Straight 
Straight 
Straight 
Straight 
Straight 
Straight 
90  Deg.  Bend 
90  Deg.  Bend 
90  Deg.  Bend 
90  Deg.  Bend 
45  Deg.  Bend 
135  Deg.  Bend 
1-layer  step 
1-layer  step 
3-layer  step 
5-layer  step 
5-layer  step 
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TABLE  1  RECTANGULAR  CHANNELS 


Cross-Sections  ( in . )  Lengths 


.020 

.020 

.020 

.020 

.020 

.035 

.055 

.055 


(sharp) 

.020 

(sharp) 

.055 

(0.6  in.  rad.) 

.020 

(1.2  in.  rad.) 

.020 

.020 

.020 

.020 

.055 

.020 

.020 

.055 

.020 

.055 

.020 

.055 


x  .060 

3 

x  .060 

6 

x  .060 

9 

x  .030 

6 

x  .120 

6 

x  .060 

6 

x  .060 

3 

x  .060 

6 

x  .060 

6 

x  .060 

6 

x  .060 

6 

x  .060 

6 

x  .060 

6 

x  .060 

6 

x  .060 

6 

x  .060 

6 

x  .060 

6 

x  .060 

6 

x  .060 

6 

x  .060 

3 

x  .060 

3 

x  .060 

3 

x  .060 

3 
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TABLE  2  MINOR  LOSS  COEFFICIENTS 


GEOMETRY 

ENTRANCE  LOSS 

1 

LAYER  CHANGE 

3-5 

BENDS 

90°- sharp 

90°-long  radius  (r  2 10b) 

2-3 

0-1 

1 

45°  -  sharp 

0-1 

/ 

135°-  sharp 

2-3 

w 

i 

T-CHANNEL 

IN-LINE 

0 

_ .  X. 

T7 

NORMAL 

0-1 

UJ. 

T7- 

AREA  CHANGE 

0-1 

_ 

T7 

Y-CHANNEL 

0-1 

-dLi 

7~r 

TUBING  ADAPTER 


8-10 


TIME 


FIG.  2  SKETCH  OF  INTERCONNECTIONS  AND  DIGITAL  SIGNAL 
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STEADY  STATE  GATE  CHARACTERISTICS 


3-Inch  Channel 
Three-Nozzle  Load 


6-Inch  Channel 
Three -Nozzle  Load 


Pg*  5  psig 


Ps  -  5  psig 


6-Inch  Channel 
Three-Nozzle  Load 

Pg  -  10  psig 

Channel  Size  -  0.055  x  0.06  inches 
Sweep  Rate  “0.5  msec/div 

Fig.  6(a)  Representative 


6-Inch  Channel 
One-Nozzle  Load 

Pg=  5  psig 

Pressure  Scale  Not  Calibrated 


Oscilloscope  Traces 
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0.020  x  0.60-inch  90°  Long  Radius 
Length  «  6  inches 


0.020  x  0.060-inch  Channel 
Length  ■  9  inches 


0.020  x  0.060-inch  Channel 
Length  »  6  inches 


0.020  x  0.030-inch  Channel 
Length  *  6  inches 


One-Nozzle  Load 

Sweep  Rate  -  0.50  msec/div  Pressure  Scale  Not  Calibrated 

Ps  -  5  Psig 

rig.  6(b)  Representative  Oscilloscope  Traces 
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One-Layer  Step 


T-Channel 


90°  -  Sharp  Bend  Y-Channel 

Two  -  Nozzle  Load 

Channel  Size  »  0.055  x  0.06  inches  Sweep  Rate  »  0.5  msec.div 

Pg  "  5  psig  Pressure  Scale  Not  Calibrated 

Length  »  6  inches 

Fig.  6(c)  Representative  Oscilloscope  Traces 


251 


One-Layer  Step 
One-Nozzle  Load 


3-Inc.h  Channel 
Three-Nozzle  Load 


One-Layer  Step 
Three-Nozzle  Load 

Channel  Size  ■  0.055  x  0.06  inches 
Ps  -  5  Psig 
Length  “  6  inches 


6-Inch  Channel 
Three-Nozzle  Load 

Sweep  Rate  “0.5  msec/div 
Pressure  Scale  Not  Calibrated 


Fig.  6(d)  Representative  Oscilloscope  Traces 
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6-lnch  Tube 
Two-Nozzle  Load 


9-Inch  Tube 
Two-Nozzle  Load 


12-lnch  Tube 
Two-Nozzle  Load 


9-Inch  Tube 
One-Nozzle  Load 


Tube  Size  “  0.075-Inch  I.D.  Sweep  Rate  ■  2  msec/div 

ps  “  5  Psig  Pressure  Scale  Not  Calibrated 


Fig.  6(e)  Representative  Tube  Oscilloscope  Traces 
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COMPARISON  OF  THE  LINEAR  RESPONSE  OF  CIRCULAR, 
RECTANGULAR  AND  ANNULAR  PNEUMATIC  TRANSMISSION  LINES 
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ABSTRACT 

A  dimension less  frequency  la  defined  which  leads  to  a  generalised 
presentation  of  the  frequency  dependent  attenuation  of  Unas  of 
circular  and  noncircular  cross  section.  Methods  for  determining  the 
dlaenslonless  frequency  ara  presented. 


Preceding  page  blink 
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NOMENCLATURE 


A  -  area,  in.2 

a  •  aapect  ratio,  b/h 

b  ■  width  of  rectangular  croaa  aection,  in. 

c  •  phase  velocity,  in./aec. 

ca  -  adiabatic  free  sonic  velocity,  in. /sec. 

Dc  •  diameter  of  circular  line,  in. 

Dh  ■  hydraulic  diameter,  4A/PW,  in.  —2 

i  ■  friction  factor  (Harcy-Weisbach) , 

h  ■  height  of  rectangular  cross  aection,  in. 

Kc  ■  geometric  parameter  defined  by  equation  (15) 

Kl  -  inertance  parameter  defined  by  equation  (7) 

Kg  ■  resistance  parameter  defined  by  equation  (9) 

La  ■  adiabatic  Inertance  per  unit  length,  p*/A,  psi-sec/cis-in. 

Ly  “  viscous  inertance  per  unit  length,  psi-sec/cis-in. 

Pw  ■  wetted  perimeter  of  line  cross  section,  in. 

Q  -  volumetric  flow  rate,  Au.  cis 

Rv  ■  DC  viscous  resistance  pe  unit  length,  psl/cla-ln. 

r  ■  radius,  in. 

ri  ■  inside  radius  of  annulus,  in. 

r0  ■  outside  radius  of  annulus,  in. 

r*  ■  radius  ratio  of  annulus,  ri/r0 

Re  ■  Reynolds  number,  pu  Dh/u 

SN  ■  Stokes  number,  4wr2/v 

u  •  steady  laminar  flow  velocity,  in. /sec 

u  ■  average  velocity,  -  /  udA,  in. /sec 

z  “  axial  coordinate,  in. 

X  •  line  wavelength,  in. 

Xa  -  adiabatic  wavelength,  in. 

V  •  dynamic  viscosity,  psi-sec 

v  •  kinematic  viscosity,  v/p,  in.2/sec 

p*  ■  reference  density,  psi-sec2 /in. 2 

tq  “  shear  stress  at  the  wall,  psl 

3  -  dimensionless  frequency 

w  ■  signal  frequency,  rad /sec 

uc  “  radian  frequency,  Ry/Ly,  rad /sec 

wy  ■  characteristic  frequency,  Ry/La,  rad/sec 


Subscripts  and  Superscripts 


c  ■  radian  frequency  or  circular  line 

n  ■  concentric  annular  line 

r  ■  rectangular  line 

a  ■  adiabatic  conditions 
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introduction 


The  snail  signal  frequency  response  of  pneunatlc  transmission  linaa 
of  circular,  rectangular,  and  concentric  annular  croea  aectiooa  baa  boon 
obtained  [1-5].  For  circular  linaa,  Nichole  [3]  treated  the  problem  aa 
an  equivalent  circuit  and  axpraaaad  the  raaulta  in  taraa  of  a  aerlea 
1 ape dance  and  ahixit  admittance  per  unit  length  of  line.  Schaadal  [4] 
and  Moore  and  Franka  [5]  followed  closely  the  approach  of  Nichole  in 
obtaining  the  email  signal  response  of  rectangular  and  annular  lines, 
respectively.  The  rectangular  line  results  vara  shown  to  depend  on  the 
aspect  ratio  of  the  rectangular  cross  section,  and,  slallarily,  the 
annular  results  to  depend  on  radius  ratio  of  the  annulus. 

In  steady  flow  it  has  been  particularly  useful  to  correlate  the 
resistances  of  lines  of  noncircular  cross  sections  with  the  resistance 
of  circular  lines  through  the  classical  hydraulic  d  lama  ter.  Similarly, 
in  oscillatory  flew,  it  would  appear  useful  to  be  able  to  correlate  the 
frequency  response  of  nonclrcular  lines  to  the  response  of  circular  lines. 
Besides  the  conparleoes  node  between  rectangular  and  circular  lines  [4] 
and  between  annular  and  circular  lines  [5],  other  attempts  have  been 
made  to  predict  the  response  of  rectangular  lines  using  the  concept  of 
the  hydraulic  disaster  [6,7]. 

The  purpoee  of  this  paper  is  to  present  a  dimensionless  frequency 
for  correlating  the  responses  of  circular,  rectangular,  and  annular 
lines  and  to  present  asthods  for  deteminlng  this  dimensionless 
frequency. 


FREQUENCY  RESPONSE  SOLUTIONS 


Several  dimensionless  frequencies  (or  frequency  ration)  have  been 
defined  in  order  to  present  generalised  frequency  response  solutions 
for  circular  lines.  Nichols  [3]  showed  that  the  frequency  response  of 
a  circular  line  is  a  function  of  the  dlnaneloolasa  frequency  ratio  w/wy, 
where  w  is  the  angular  excitation  frequency  and  wy  is  a  viscous  charact¬ 
eristic  frequency  defined  as 


•*v 


<1> 


V  is  the  laulnar  DC  viscous  resistance  per  unit  line  length  and  L*  is 
the  adiabatic  lnertance  per  unit  line  length.  For  any  line,  I*  and  Lm 

are  defined  as 


(2) 


(3) 


< 


For  a  circular  llna,  Ry  end  Uy  become 


and 


Othar  foraulatlona  of  the  dimensionless  frequency  have  alao  been 
defined  for  the  circular  line;  for  example,  Brovn  et  al  [8]  used 
Q  ■  ur2/v  “  8w/wvc>  while  Goldschmied  [9]  uaed  SN  »  4wr2/v  ■  32u/t>vc. 
In  all  of  thaaa  caaea,  however,  the  dimensionless  frequencies  are 
proportional  to  wA/v. 


Schaedel  [4]  ahowed  that  the  reaponae  of  rectangular  linea  of  the 
ease  aspect  ratio  la  a  function  of  uA/4v,  while  Moore  and  Franke  [5] 
showed  that  the  response  of  concentric  annular  lines  of  the  sane  radius 
ratio  la  a  function  of  g^-.  Typical  results  for  the  attenuation  per 


line  wavelength  of  rectangular  and  annular  lines  are  plotted  In  Flga. 

1  and  2,  respectively.  Circular  line  resulta  are  Included  In  Fig.  2  as 
a  apeclal  casa  of  the  annular  line  with  the  Inside  radius  tj  ■  0.  The 
dependence  on  aspect  ratio  and  radius  ratio  as  well  as  signal  frequency 
Is  clearly  shown. 


GENERALIZED  RESPONSE  OF  NONCIRCULAR  LINES 


The  al  curves  shown  In  Figs.  1  and  2  for  different  aspect  ratios 
and  radius  ratios  all  have  the  ease  general  shape.  Thus,  it  would  seen 
possible  that  the  results  for  different  aspect  or  radius  ratios  could 
be  geMrallsed  and  ralated  to  a  single  curve.  This  can  be  accomplished 
approximately  by  using  the  dlnwnsionless  frequency  defined  by  equation 
(1)  with  Rv  taken  as  the  resistance  of  the  particular  cross  section 
being  considered. 


A  better  approach  Is  to  Include  the  lnertance  effects  in  the  dimen¬ 
sionless  frequency  as  well  as  the  resistance  effects  and  to  present  the 
results  as  a  function  of  the  dimensionless  frequency  w/uc,  where  wc  is 
the  radian  frequency  defined  by  Nichols  [3]  as 


“e 


(6) 


Here  Ry  Is 
lnertance , 


defined  by  equation  (?) ,  and  Ly,  the  low-frequency  or  viscous 
Is  defined  by 


(7) 


| 
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where  Kl  depends  on  the  1  ulnar  fully-developed  velocity  dlatrlbuMon. 

The  aX  results  shown  In  Pigs.  1  end  2  ere  replotted  in  Pig.  3  ns  e 
function  of  u/wc.  The  families  of  curves  for  different  aspect  and 
radius  ratio*,  are  now  reduced  approximately  to  a  single  curve.  By 
incorporatin'  the  geometric  dependence  of  aspect  and  radius  ratio  in  mc, 
lines  of  different  sices  and  cross  sections  are  shown  to  have  approxi¬ 
mately  the  some  generalised  frequency  behavior.  The  circular  line 
attenuation  is  also  Included  in  Pig.  3,  where  wc  for  the  circular  line 
is  the  same  as  that  given  by  Nichols  [3);  i.e.. 


u 


cc 


*vc 

Wc 


(8) 


Pig.  3  shows  aX,  the  attenuation  per  line  wavelength.  In  order  to 
obtain  a,  the  attenuation  per  unit  length,  it  is  necesc&ry  tc  know  X, 
the  wavelength  in  the  line  for  each  ratio  m/uc.  Curves  of  X/Xa  vs. 
uA/4v  for  rectangular  lines  and  vs.  uA/8w  for  annular  lines  are  given 
in  [4]  and  [S]  respectively.  These  curves  are  not  reproduced  herein; 
however,  they  show  relative  aspect  and  radius  ratio  effects  similar  to 
the  aX  curves.  Pigs.  1  and  2.  The  families  of  curves  depicting  X/Xa 
reduce  approximately  to  one  curve  representing  circular,  rectangular 
and  annular  lines  when  plotted  against  w/uc  as  shown  in  Pig.  4.  The 
ratio  X/Xa  is  also  the  ratio  of  the  propagation  or  phase  velocity  in 
the  line  to  the  free  sonic  (adiabatic)  velocity;  i.e.,  X/Xa  ■  c/ca 
[3,4.5]. 

The  results  in  Pigs.  1  to  4  were  computed  assuming  standard 
properties  of  air  at  80*P.  The  numerical  differences  in  aX  in  Pig.  3 
for  the  range  of  aspect  or  radius  ratios  shown  in  Pigs.  1  and  2  were 
email  and  cannot  be  seen  in  Pig.  3.  The  maximum  difference  in  aX 
between  circular  and  rectangular  lines  was  1.05  db  at  w/we  “  8.0  for 
a  ■  10.  The  maximum  diff cranes  between  annular  and  circular  lines  was 
1.40  db  at  w/wc  ■  6.0  for  r*  -  0.8.  For  u/wr  «_  0.1  the  difference  was 
lass  than  0.09  db,  and  for  u/wc  >  10  the  difference  was  less  than 
1.25  db. 


The  maximum  difference  in  X/Xa  between  circular  and  rectangular 
lines  was  0.035  at  u/uc  ■  2.0  and  a  -  10.  The  maximum  difference 
between  circular  and  annular  lines  was  0.046  at  u/t>c  ■  3.0  and  r*  ■  0.8. 
For  u/uc  <_  0.1  the  maximum  difference  for  both  rectangular  and  annular 
lines  was  less  than  0.017  and  for  »/«c  _>  10  the  maximum  difference  was 
less  than  0.025.  The  maximum  departure  of  X/Xa  from  that  predicted  for 
the  circular  line  for  the  range  of  aspect  and  radius  ratios  considered 
occurred  for  the  annular  line  of  radius  ratio  r*  ■  0.8,  as  shown  on 
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Fig.  4.  All  other  configurations  are  nearer  to  lit  circular  line 
reaulta. 

It  la  noted  that  whereas  aX  vs.  u/uc  gives  the  tightest  grouping  of 
the  aA  curves,  X/Xc  vs.  u>/uv  gives  a  slightly  better  grouping  of  the 
X/Xa  curves,  where  uv  la  defined  by  equation  (1). 


DETERMINATION  OF  uc 

The  determination  of  values  of  <«>c  lor  noncircular  lines  reduces 
essentially  to  obtaining  values  of  Rv  and  Ly.  A  convenient  method  for 
obtaining  Rv  Is  to  relate  the  Rv  of  the  line  with  the  noncircular  cross 
section  to  that  of  a  circular  cross  section;  l.e.. 


(9) 


where  Kr  for  rectangular  lines  'nd  annular  lines  depends  on  aspect  ratio 
and  radius  ratio,  respectively.  Values  of  Kr  have  been  calculated  [4,5] 
and  a  few  are  given  in  Table  I.  Ihe  viscous  inertance  Lv  Is  obtained 
from  values  of  Kl,  equation  (7),  for  each  geometric  configuration. 

Values  of  Kg  have  also  been  calculated  [4,5,10]  and  a  few  are  given  In 
Table  I. 


Starting  with  equation  (6) ,  a  convenient  equation  for  computing  uc 
is  easily  derivet!  as 


u 


c 


fjt  8rrv 
KL  A 


(10) 


For  circular  llnea:  Krc  •  1  and  Klc  •  4/3;  thus  wc<;  •  6«v/Ac.  Values 
of  uc  for  noncircular  lines  can  easily  be  obtained  using  values  from 
Table  I  or  using  t..e  equations  or  data  from  the  references  [4,5,10]. 


The  steady  flow  laminar  resistance  Ry  does  not  depend  on 
frequency;  consequently,  Rv  may  be  expressed  in  terms  of  the  classical 
steady-flow  parameters: 


% 


(ID 


where  Dh  is  the  conventional  hy^-*ulic  diameter,  f  is  the  friction 
factor  and  Re  Is  the  Reynolds  number.  For  a  circular  line, 

Dj,  ■  Dc  and  fRe  “  64;  therefore, 


(12) 
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\ 

If 

■I 

TABLE  I 


Dividing  equation  (11)  by  equation  (12) 

Rv  fR*  ^2  Ac 

R^"64~  D*  a” 


(13) 


where  fRe,  Dh,  and  A  are  determined  for  the  noncircular  croaa  aectlon 
being  conaldered.  Selected  valuea  of  fRe  are  given  in  Table  I  for 
rectangular  and  annular  croaa  sectiona.  The  relatlonahlp  between  Kg  and 
fRe  ia  obtained  from  equatlona  (9)  and  (13) 


Rr 


2 

fRe  £c  A_  _  fRe 
64  Ac  64 


(14) 


where  Kg  la  a  geometric  ahape  factor  defined  aa 


Dc  A  4A  P  J 

^  Ac  vD^  4*A 


(15) 


Kg  la  a  conatant  for  each  geometric  croaa  aectlon.  It  ia  important  to 
note  that  when  Dh  ■  Dc  the  areaa  of  the  noncircular  croaa  aectlon  A  and 


261 


equivalent  diameter  circle  Ac  are  not  equal  and  Kg  ■  A/ Ac*  Likeviee, 
when  A  ■  Ac  the  hydraulic  diameters  are  not  equal  and  Kp,  ■  D^/D^. 
Expressions  for  Kc  ere  given  in  Table  II  for  circular,  rectangular  and 
annular  cross  sections. 


TABLE  II 

Geometric  Cross  Section  Factor 

cross  section 

circular 
rectangular 

concentric  annular 

Selected  values  of  Kg  are  Included  in  Table  I  for  rectangular  and 
annular  cross  sections. 


Ko 


(a  +  l)2/wa 
1  »  r« 

1  -  r* 


USE  OF  HYDRAULIC  DIAMETER 


Results  based  on  hydraulic  diameter  can  be  used  to  predict  line 
performance  for  small  signal  oscillatory  flow.  At  a  given  signal 
frequency.  Fig.  3  shows  that  for  the  same  attenuation  on  lines  of 
different  cross  section,  the  <iic's  must  be  the  Bame.  The  use  of 
equivalent  hydraulic  diameter  for  a  noncircular  line,  however,  leads  to 
an  uc  that  is,  in  general,  not  equal  to  u>cc*  This  will  now  be 
illustrated  for  a  rectangular  line. 


From  equation  (10) ,  the  ratio  wCr/wcc  is 

r^L  *1 

“Cc  3  *Lr  Ar 


(16) 


By  eubatltutlng  for  Kg^,  from  equation  (14),  the  ratio  becomes 
<*>cr  A  frRer  1  D2 


(17) 


F->r  °hr  ■  Dc,  equation  (17)  reduces  to 


wcr  A  frRer 

<*>cc  3  KLr  64 


(18) 
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Typical  values  of  biCr/ucc  and  /wCr/wCc  as  a  function  of  aspect 
ratio  are  shown  in  Table  III  using  the  values  of  frRer  and  Kl«.  froa 
Table  I. 


TABLE  III 

Frequency  Ratio  Parameters  for  Rectangular  Lines  for  “  Dc 


b/h  “cr/wcc  4Cr/ucc 


1 

0.86 

0.93 

2 

0.96 

0.98 

3 

1.09 

1.04 

4 

1.18 

1.09 

5 

1.25 

1.12 

10 

1.43 

1.19 

The  ratio  /uCr/uCc  can  be  interpreted  approxiaately  as  the  ratio  of 
the  viscous  attenuation  of  rectangular  to  circular  lines  of  the  same 
hydraulic  diameter  at  a  given  frequency.  The  values  of  /wCr/wCc  given 
in  Table  III  conflra  the  attenuation  results  of  Healey  and  Carlson  [6] 
and  explain  the  differences  they  found  between  the  rectangular  line 
solutions  and  circular  line  solutions  of  the  sane  hydraulic  diameter. 
When  using  circular  line  equations  to  predict  rectangular  line  results, 
the  differences  can  be  avoided  if  the  rectangular  line  friction  factor 
(frRer)  and  lnertance  Lyr  are  included  in  the  calculations. 

SUMMARY 

A  method  has  been  presented  which  leads  to  a  generalized  presenta¬ 
tion  of  the  frequency  response  of  lines  of  circular  and  noncircular 
cross  section.  As  a  result  parameters  of  Interest,  such  as  aX  and  X/Aa, 
for  lines  of  different  sizes  and  cross  section  configurations  can  be 
represented  approximately  by  a  single  curve  vhen  plotted  against  the 
dimensionless  frequency  u/uc  ■  u  Ly/Rv.  Values  of  Rv  and  Ly  depend  on 
the  particular  cross  section  being  considered  and  are  determined  from 
fully-developed  laminar  viscous  flow  distributions.  The  frequency 
dependent  attenuation  of  noncircular  lines  can  also  be  closely 
predicted  using  equivalent  hydrsullc  diameter,  provided  the  steady-flow 
parameters  of  resistance  and  lnertance  for  each  cross-sectional 
configuration  are  used. 
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NOMENCLATURE 

speed  of  sound,  m/sec 
cross  sectional  area,  m7 
Mrg/[2(1-M7) ],  m-i 
arbitrary  constant,  kN-sec/m7 

arbitrary  constant,  kN-sec/m7 

adiabatic  capacitance  per  unit  length,  n‘7kN 

[6u/uJ*  or  |  ( rPn ) / ( 2 Dn )  ]'a 

<ZCA>  *  (Zc'Zca> 
propagation  constant 
M,  complex  operator 

adiabatic  inertance  per  unit  length,  kfl-sec'7m' 

0.5  M  t(ZCJ/Zc)  -  (Zc/Zc,)l 
dissipation  number,  x/(8a) 

V 

Mach  Humber,  U/a 

propagation  number,  [2  ux/(ra)] 

Prandtl  number 
absolute  pressure,  kfl/m7 

pressure  siqnal  in  Laplace  or  frequency  domain,  kN-sec/m7 
entrance  Dressure  in  Laplace  or  frequency  domain,  kN-se:/m2 

radial  dimension,  m 

volume  f  1  oiv  in  Laplace  or  frequency  domain,  m3 
tube  radius,  m 

entrance  volume  flow  in  Laplace  or  frequency  domain,  m3 
absolute  temperature,  °K 

Laplace  transform  of  perturbation  velocity,  m 
steady  throughflow  velocity,  m/sec 
axial  distance  along  line,  m 
shunt  admittance  per  unit  length,  mu/kN-sec 
characteristic  admittance,  [y/z]1*,  n5/kN-sec 

variable  shurt  admittance  per  unit  length,  mu/kN-sec 

series  impedance  per  unit  length,  kN-sec/m6 
characteristic  impedance,  kN-sec/mr 

adiabatic  characteristic  impedance,  [La/C  V*,  kN-sec/m5 

a  a 

characteristic  impedance  with  throughflow,  kN-sec/m5 
input  impedance  of  open  line,  kfl-sec/mr 
input  impedance  of  line  with  throughflow,  kfl-sec/m5 
load  impedance,  kN-sec/m5 

variable  series  impedance  per  unit  length,  kN-sec/m6 


y  -  ratio  of  specific  heats, 

r  -  complex  propagation  factor  per  unit  length,  m-1 
ra  -  adiabatic  ri-opagatlon  factor  per  unit  length,  nr1 

rT  -  r  (1  +  "!-)V(l  -  M2),  m-» 

ry  -  variable  complex  propagation  factor  per  unit  length, 

v  -  kinematic  viscosity,  m2/sec 

p  -  density,  kg/m3 

u  -  radial  frequency,  rad/sec 

-  characteristic  viscous  frequency,  rad/sec 

e  -  Laplace  transform  of  temperature,  °K  -  sec 
a  -  thermal  dlffuslvlty,  m2/sec 
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ABSTRACT 


The  propagation  of  small  amplitude  fluid  signals  superimposed 
on  a  steady  throughflow  is  investigated  analytically.  A  fixed  component 
model  and  a  variable  component  model  are  presented.  In  the  fixed  ronponenv 
model  convective  terms  are  added  to  the  transmission  line  equations.  In 
the  variable  component  model  the  fluid  equations  are  solved  for  a  through- 
flow  with  a  uniform  velocity  profile  and  the  solution  is  then  placed  in 
the  transmission  line  form. 

Both  models  show  that  the  characteristic  impedance  of  the  line 
changes  with  throughflow.  The  throughflow  has  more  effect  in  the  vari¬ 
able  component  model  than  in  the  fixed  component  model.  In  both  models 
the  real  part  of  the  characteristic  impedance  is  almost  independent  of 
the  direction  of  throughflow.  At  low  frequencies  the  real  part  decreases 
with  throughflow.  When  the  frequency  exceeds  the  viscous  characteristic 
frequency,  throughflow  has  virtually  no  effect  on  the  characteristic 
impedance.  The  imaginary  part  of  the  characteristic  impedance  depends 
on  the  direction  of  throughflow.  For  large  reverse  throughflows  the 
characteristic  impedance  is  predominantly  resistive. 
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1.  INTRODUCTION 


In  fluidic  circuits  pressure  and  flow  signals  must  be  transported 
through  fluid  lines.  The  change  in  signal  waveform  during  the  passage 
of  the  signals  has  been  the  subject  of  numerous  publications.  This 
problem  Is  not  limited  to  the  field  of  fluidics.  Similar  problems  with 
different  formulations  and  objectives  have  received  widespread  attention 
in  closely  allied  fields.  Examples  of  this  are: 

1)  The  propagation  of  sound  in  ducts  Is  considered  extensively 
in  acoustics 

2)  The  reduction  of  noise  in  ducts  Is  investigated  in  aero- 
engineering,  air  conditioning  and  vibrations 

3)  Oscillating  flow  in  pipes  is  studied  in  fluid  mechanics 
and  hydraulics 

To  organize  the  tremendous  amount  of  technical  information  available 
on  fluid  signal  propagation  we  will  first  attempt  to  sort  out  some  of 
the  Important  developments  In  the  fluidics  literature.  This  will  also 
serve  to  place  the  current  paper  in  some  perspective. 

A  complete  description  of  the  behavior  of  fluid  lines  depends 
on  circuit  models  and  component  models.  In  dealing  with  circuit  models 
a  primary  consideration  is  whether  the  circuit  must  be  considered  as  a 
distributive  system  or  may  be  approximated  in  some  convenient  manner  with 
lumps.  When  the  length  of  the  fluid  line  is  much  smaller  than  a  wave 
length  the  line  can  be  adequately  modeled  with  a  single  lump.  The 
single  lump  representation  will  be  quite  acceptable  in  fluidic  appli¬ 
cations  where  the  signal  frequencies  are  low  or  where  the  signals  travel 
only  a  short  distance.  The  single  lumped  circuit  model  probably  covers 
a  majority  of  the  applications.  As  the  line  length  increases  relative 
to  a  wave  length  an  accurate  circuit  model  requires  an  increasing  number 
of  limps.  A  point  is  reached  where  it  is  more  accurate  to  treat  the 
line  with  a  distributed  circuit  model. 

The  distributive  circuit  model  for  fluid  lines  with  smal' 
amplitude  signals  is  the  same  as  the  circuit  model  for  electrical  trans¬ 
mission  lines.  The  models  are  fully  described  in  electrical  engineering 
text  books  such  as  Ware  and  Reed  [1]  and  King  [2]  and  come  from  solutions 
of  the  telegraphers'  equation.  The  transfer  matrix  of  a  two  port  model 
based  on  these  solutions  has  found  widespread  use  In  the  study  of  fluid 
line  circuit  models  and  appears  in  papjrs  by  Raizada  [3],  OI.J,»nburger  [4], 
[5],  Reid  [6],  Goodson  and  Leonard  [7],  Brown  [8],  Si  del  1  and  w'ormley  [9] 
and  many  others.  Various  approximations  to  the  distributed  circuit  models 
have  been  considered  by  Oldenburger  and  Goodson  [10],  Ansari  and  Olden- 
burger  [11],  Oldenburger  [4],  [5],  Johnson  and  Wandling  [12],  Raizada  [3], 
Kirshner  and  Katz  [13],  and  others. 

All  of  the  above  references  [1  -  13]  pertain  to  circuit  models 
without  through-flow.  In  fluidic  applications  the  small  amplitude  pres- 
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sure  and  flow  signals  are  often  superimposed  on  a  steady  flow.  The 
signal  propagation  with  through-flow  is  usually  treated  numerically  by 
the  method  of  characteristics  as  shown  in  Streeter  and  Wylie  [14]  for 
hydraulic  fluids  and  in  Brown  [15]  for  gases.  However,  an  anlaytic 
formulation  of  the  distributed  circuit  transfer  matrix  with  through-flow 
has  been  approximated  by  Cooley  [16]  and  Orner  and  Cooley  [17]. 

The  distributed  circuit  models  describe  the  performance  of 
the  fluid  line  in  terms  of  two  components:  a)  the  series  impedance  per 
unit  length,  Z  and  b)  the  shunt  admittance  per  unit  length,  Y.  Rather 
complete  models  of  these  components,  including  distributed  friction  and 
heat  transfer  effects,  have  been  developed  by  Nichols  [18]  and  Brown  [19] 
for  circular  lines  and  by  Schaedel  [20]  for  rectangular  ’ines.  These 
component  models  involve  Bessel  functions  and  other  infinite  series.  As 
a  result  the  component  models  are  often  simplified  or  approximated.  High 
and  low  frequency  approximations  to  the  component  models  are  given  by 
Nichols  [18],  Brown  [19],  Rohmann  and  Grogan  [21].  Krishnaiyer  and 
Lechner  [22]  and  Karam  and  Franke  [23].  Simplified  component  models  are 
discussed  by  Goodson  and  Leonard  [7],  Kirshner  and  Katz  [13]  and  others. 

In  the  component  models  also,  the  effects  of  through-flow  have 
received  less  attention.  Brown,  Margolis,  and  Shah  [24]  have  adjusted 
the  component  models  to  include  a  turbulent  through- flow.  Small  through- 
flows  have  been  shown  experimentally  to  have  negligible  effect  on  the 
transfer  function  of  terminated  fluid  lin.s  by  Franke,  Karam,  and  Lym- 
burner  [25],  and  Franke,  Malanowski,  and  Martin  [26]. 

Orner  [27]  has  used  the  basic  fluid  equations  to  show  that 
throughflow  alters  both  the  transfer  matrix  and  the  component  model.  He 
assumed  a  fully  developed  parabolic  throughflow. 

In  this  paper  we  present  and  compare  two  approaches  to  the  through- 
flowing  line.  One  approach,  the  fixed  component  model,  is  an  extension 
of  the  work  done  by  Cooley  [16]  and  Orner  and  Cooley  [17],  In  this 
approach  we  develop  the  exact  transfer  matrix  with  the  assumption  that 
the  component  models  are  not  functions  of  throughflow  and  are  known  in 
advance.  The  matrix  is  then  used  in  conjunction  with  the  Nichols-Brown 
(no  throughflow)  component  model  to  approximate  the  effect  of  throughflow 
on  signal  propagation.  The  other  approach,  the  variable  component  model, 
is  similar  to  that  of  Orner  [27]  except  that  the  steady  throughflow  is 
assimed  to  have  a  uniform  velocity  profile.  This  approach  produces  a 
change  in  transfer  matrix  as  well  as  i  change  in  the  series  and  shunt 
component  models. 

2.  THE  FIXED  COMPONENT  MODE:. 


2.1  Basic  Equations 

Figure  1  shows  a  schematic  drawing  of  the  entrance  section  of 
a  fluid  transmission  line  with  uniform  through-flow.  The  velocity  of  the 
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steady  through-flow  is  designated  as  U.  The  small  amplitude  signal  vari¬ 
ables,  pressure  (P)  and  volume  flow  (Q)  are  in  the  Laplace  or  frequency 
domain  and  refer  to  conditions  at  some  axial  distance,  x,  along  the  line 
from  the  entrance.  The  initial  conditions  at  the  entrance  to  the  line 

(x  =  0)  are  called  P„  and  Q  . 

o  o 

The  basic  equations  that  apply  to  this  case  cone  from  the 
momentum  and  continuity  equations  of  fiuid  mechanics.  Orner  and  Cooley  [17] 
and  Brown  [15]  express  these  equations  in  the  form: 


CaUl7*'S+VP-0 


(la) 

(lb) 


with  the  bounding  values, 
at  x  =  0,  P  =  PQ,  Q  =  Q0 


where  L,  is  the  adiabatic  inertance  per  unit  length  (La  =  p/A),  C  is  the 

a  da 

adiabatic  capacitance  per  unit  length  (C  =  A/yp),  Z  is  the  series 

a 

impedance  per  unit  length,  and  Y  is  the  shunt  admittance  per  unit  length. 

Equations  la  and  lb  are  in  the  usual  transmission  line  form 
except  for  the  convective  first  terms  in  each  equation  (La  U  3Q/3x  and 

a 

C.  U  3P/3x).  As  stated  by  Orner  and  Cooley  [17]  these  convective  terms 

Q 

represent  the  effect  of  through-flow  by  a  Doppler  shift.  Thus  in  this 
formulation  the  series  impedance  and  shunt  adnittance  (Z  and  Y)  are 
assumed  to  be  independent  of  the  through- flow.  This  assumption  allows 
us  to  proceed  directly  with  the  solutions  of  equations  la  and  lb,  after 
which  we  may  use  one  of  the  line  models  (that  was  determined  without 
through-flow)  for  Z  and  Y. 

Let  us  first  separate  the  signal  variables  in  the  basic  equations. 

If  equation  1(b)  is  multiplied  by  L  U  and  subtracted  from  equation  1(a) 
we  obtain: 


u  Y  L  P  -  (1  -  Nu) 3P/3X 

Q - - - J - a -  (2) 

where  =  Lfl  Cg  U2  =  Mach  number  squared 

Differentiation  of  equation  2  and  combination  with  equation  1(b)  leads 
to: 
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(3) 


(1  "  NM}  '  NHrgl7  ' 


r-!  p  -  o 


_____  <-Ca  c 

where  the  propagation  factor  without  through-flow  r  =  /IT,  g  =  +  j — 

Lc  ^Ca 

Zc  is  the  characteristic  Impedance  without  through-flow  (Zc  =  ^/Y)and  ZCa 
is  the  adiabatic  characteristic  impedance  (ZCa  =  /La/Cg) . 

Now  when  P  is  found  from  a  solution  of  equation  3,  Q  may  be 
determined  from  equation  2. 

2.2  Transfer  Matrix  with  Throuohflow 


From  elementary  differential  equation  theory  the  solution  of 
equation  3  is: 


bx  r_x  "T-x 

P  -  e  [Bje  +  B^e  ] 


(4) 


where 


b 


m 


NMrg 

2(f— --r^jT 
r  (1  +  m2) 

'  -Nl5 


i 


and  Bj  and  B2  are  arbitrary  constants.  An  expression  for  Q  in  terms  of 

the  arbitrary  constants  can  be  obtained  by  applying  equation  4  in 
equation  2.  After  some  algebraic  manipulation  the  results  for  P  and  0 
in  matrix  notation  are: 


Q 


rTx 

e  Yc  (m  -  V]  +  m2) 


-rTx 

e  T 

B1 

-rTx 

j 

e  Yc(m  +  ^1  +  m2) 

B2 

(5) 
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where  Y  =  =  /TJT 

c  Lc 

If  we  now  use  the  boundary  conditions  that  at  x  =  o,  P  =  p  and 
Q  =  'L,  matrix  5  becomes  o  dna 


vc  (m  -  /]  +  m2“) 


Yc  (m  +  /T+  n>2) 


(6) 


To  obtain  the  transfer  matrix  we  note  that  the  inverse  of 
matrix  5  may  be  expressed  as 


-bx 


2Y1  +  m2 


T-r*  -r_ x 

e  (m  +  /T  +  m7)  -i  e 

c 

,erTX(m  -  /I  +  m2)  i  e 

c 


rTx 


(7) 


The  multiplication  of  matrices  6  and  7  now  leads  to: 


-bx 


’7T"  +  m2 


(yT  +  m2  cosh  ri 

ly) 


m  si.ih 


Yc  sinh  rTx 


zc  sinh  rTx 


(/I  +  m2  cosh  ri 
+  m  sinh  I^x) 


(8) 


th'  transfer  matrix  of  the  fluid  line  Kith  through-flow 

fC00,<!y.l:i71  obt»,n  a  Sinmar  formulation  by 
approximating  the  roots  of  equal /on  3.  3 
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When  there  is  no  through-flow,  NM  =  m  =  b  =  o,  and  matrix  8 
reduces  to  the  familiar  form:  n 


p 

0 

cosh  Tx 

Z£  s i nh  Tx 

P 

- 

Qo 

Yc  slnh  Tx 

cosh  Tx 

Q 

2.3  Characteristic  Impedance  With  Through-Flow 

The  determination  of  characteristic  impedance  may  be  approached 
in  several  different  ways.  First,  from  the  basic  definition  of  character¬ 
istic  Impedance  as  the  input  impedance  of  an  infinite  length  of  line 
open  at  the  end.  Second,  from  the  fact  that  a  finite  length  of  line 
loaded  with  its  characteristic  impedance  is  a  matched  line  (no  reflections) 
and  therefore  has  the  same  input  impedance  as  an  infinite  line.  Still 
another  way  of  looking  at  characteristic  impedance  is  as  the  load  impedance 
which  makes  the  input  impedance  independent  of  line  length.  All  of  these 
approaches  lead  to  the  same  result.  To  demonstrate  this  let  us  begin  by 
writing  the  input  impedance,  ZQj,  of  a  throughf lowing  line  loaded  with 

an  impedance,  ZL  where  P  =  Z^Q) .  From  matrix  8  we  obtain: 


P  Z.  A  +  m2  +  (Z  -  m  Z.)  tanh  x 

_£  -  Z  „  _k _ £ _ k _ L_  (10) 

Qo  oT  /I  +  m2  +  (m  +  Yc  Z^)  tanh  I 

From  the  first  definition,  the  characteristic  impedance  of  a 
line  with  through-flow  is: 


ZCT  =  lim  ZoT 


when  ZL  =  o 


(11) 


x  -*•  * 


If  we  apply  the  definition  given  in  equation  11  in  conjunction 
with  equation  10  the  result  is: 


'CT 


/I  +  m2  f 


Z  [rj  +  m2  -  m] 


(12) 
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When  m  =  o,  the  characteristic  impedance  is  the  same  as  for  the 
line  without  through-flow.  Now  m  =  o  if  either  the  Mach  number  is  zero 
or  Zc  =  ZCa‘  This  latter  conditions  occurs  at  high  frequencies.  Thus  we 

will  just  state  here  and  show  more  clearly  in  Section  2.7  that  the 
characteristic  impedance  becomes  independent  of  throughflow  for  h i ah 
frequency  signals. 


Another  way  to  obtain  the  result  given  in  equation  12  is  to  use 
the  second  method;  thus,  write  equation  10  with  Zcy  =  ZQy  =  Z L.  This 

leads  to  the  quadratic  equation: 


Yc  ZcT2  *  2m  ZcT  ‘  Zc  "  0 


(13) 


and  the  positive  root  of  equation  13  is: 


Z 


cT 


/]  +  m2  -  m 
Y 

c 


Z  [/I  +  m2"  -  m] 
c 


(14) 


2.4  The  Input  Impedance  of  Open  Lines  with  Throughflow 

Equation  10  represents  the  general  expression  for  the  input 
impedance  of  a  line  terminated  with  load  impedance,  Z^.  As  a  specific 

example  let  us  now  formulate  the  input  impedance  for  the  case  of  the 
open  tube. 

For  the  open  tube  of  finite  length  there  is  zero  ambient 
pressure  at  the  output  and  thus  Z L  =  0.  In  this  case  the  input  impedance, 

Z00.  from  equation  10  reduces  to: 

Z  tanh  T_x 

z  „  — - 2- -  (15) 

/I  +  m2  +  m  tanh  fyX 


If  in  addition  to  the  tube  being  open  at  the  end,  the  Mach  number 
equals  lv  then  Ty  approaches  infinity  and  tanh  TyX  approaches  unity.  As 

a  result  equation  15  becomes: 

(Zoo>  -  ZcT  *  <16> 

M  "  1  /T  +  m2  +  rn 

and  we  obtain  the  result  that  an  open  tube  with  a  throughflow  Mach  number 
equal  to  unity  has  an  input  impedance  equal  to  the  characteristic 
impedance.  Therefore,  the  line  is  matched.  We  could  have  anticipated 
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this  result  since  at  =  1  there  can  bp  no  signal  propagation  upstream 
and  no  reflections.  n 

2.5  Transfer  Function  of  Terminated  Line  with  Throughflow 

The  pressure  transfer  function  of  the  terminated  line  with 
throughflow  can  be  obtained  from  matrix  8  with  P  =  Z^Q.  The  result  is: 


bx 


/l  +  m2 


/I  ♦  m2  cosh  T jX  +  *  w)  sinh  r^x 

1  L 


(17) 


2.5.1  Matched  Line 

When  the  line  is  loaded  with  its  characteristic  impedance 
(equation  12),  the  transfer  function  given  in  equation  17  becomes: 


bx 

e _ 

cosh  rTx  ♦  sinh  I^x' 


Z 


L 


Z 


cT 


(18) 


The  quantity  (Tj  -  b)  is  the  propagation  operator  with 

throughflow.  From  the  definitions  following  equation  4,  the  propagation 
operator  with  throughflow  may  be  expressed  as: 


(rT  -  b)  = 


- 1 

-1 

_ J 

L1  - 

V 


-  +  (1  +  m^) 


(19) 


At  high  frequencies,  m  approaches  zero  and  g  aoproaches  2.  Thus, 
equation  19  may  be  approximated  as: 


(rT  -  b)  = 


1  + 


(20) 


The  effect  of  th  ughflow  on  high  frequency  signals  is  to 
reduce  attentuation  and  increase  propagation  speed  by  a  factor  of  1  +  N^. 

2.6  Nichols-Brown  Component  Model 

Thus  far  we  have  considered  only  the  circuit  formulation  for 
various  cases  with  throughflow.  To  demonstrate  the  effect  of  througnflow 
we  must  choose  component  models  for  the  series  impedance  and  shunt 
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adnittance.  The  component  models  chosen  come  from  the  work  of  Nichols  [18] 
and  Brown  [19],  and  we  place  them  in  the  forms: 


(21a) 


(21b) 


where 

F  =  [8  w/^]1*  -  [(i»Mp)/(2Nd)]*». 
w  =  =  characteristic  viscous  frequency, 

Nn  =  -  (—■)  -  propagation  number, 

r  tt  a 

Nd  =  5  (-£-)  =  dissipation  number, 

v  =  kinematic  viscosity,  and 
NpR  =  Prandtl  number. 


Also,  the  following  relations  are  useful  in  evaluating  the 
circuit  model. 


{-T  )/(V} 

a  a 


i 


(22a) 


rx 


2  |  (jjL  ojC 

a  a 


(22b) 


This  completes  the  development  of  the  fixed  component  model. 

The  theoretical  results  obtained  from  this  model  are  discussed  in  section 
2.7. 


Effects  of  Throughflow  (Fixed  Component  Model) 


The  parameters  of  fluid  lines  that  we  have  considered  (i.e., 
characteristic  impedance,  propagation  factor  and  the  input  impedance,  and 
transfer  function  with  various  terminations)  are  all  complex  quantities. 
The  derived  expressions  for  these  quantities  are  also  rather  involved  in 
complex  algebra.  Thus,  although  we  may  observe  and  call  attention  to  the 
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effects  of  the  superimposed  throughflow,  we  are  unable  In  general  to 
explain  the  result'  in  physical  terms. 

Figures  2  and  3  show  the  effects  of  throughflow  on  the  real 
and  imaginary  parts  of  the  characteristic  impedance.  When  the  signal 
frequency  exceeds  the  viscous  characteristic  frequency  (w/wy  >_  1),  the 

characteristic  impedance  is  predominantly  resistive  and  is  virtually 
independent  of  throughflow.  Since  throughflow  acts  to  alter  phase 
relations,  the  frequency  region  with  negligible  phase  dependency  is 
unaffected.  At  low  frequencies  (u/wv  <  0.1),  there  are  two  effects: 

(1)  the  real  part  of  Z y  decreases  with  throughflow  but  is  independent 

of  the  throughflow  direction,  and  (2)  the  imaginary  part  of  ZcT  increases 

for  reverse  flow  and  decreases  for  forward  flow.  As  a  result,  the 
characteristic  impedance  of  a  line  with  a  large  reverse  flow  is  almost 
entirely  resistive  at  all  signal  frequencies. 

In  contrast  to  the  characteristic  impedance,  the  input  impedance 
of  a  line  depends  on  the  line  length.  This  adds  another  parameter  to 
the  input  imoedance  formulation.  As  a  result  we  plot  input  impedance 
versus  propagation  number  for  a  particular  value  of  dissipation  number. 
The  effect  of  throughflow  on  line  input  impedance  is  shown  in  figures  4 
and  5  for  the  open  line.  The  dissipation  number  is  fixed  at  0.01.  To 
accentuate  the  effect  of  throughflow,  the  Mach  number  used  is  0.3.  At 
lower  Mach  numbers,  particularly  those  of  0.1  and  less,  the  throughflow 
effect  is  so  small  that  it  is  difficult  to  distinguish  from  the  case 
without  throughflow.  The  figures  show  that  the  input  impedance  curves 
are  shifted  leftward  by  the  throughflow  and  that  the  difference  in  the 
amplitude  of  the  peaks  is  small.  Thus,  the  principal  effect  of  through- 
flow  is  to  make  the  line  appear  shorter. 

3.  VARIABLE  COMPONENT  MODEL 


Let  us  begin  by  introducing  the  transmission  line  equations: 


—  «  -  Z  Q 

(23a) 

3x  v 

-  -  y  p 

ax  v 

(23b) 

where  in  this  Case  Zy  and  Yy  are  the  series  impedance  and  shunt  admittance 

that  are  functions  of  throughflow.  The  corresponding  propagation  operator 
for  throughflow,  r  ,  is  then 


r  7 

V 


Z  Y 


v  v 


(24) 
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If  equation  24  is  normalized  with  the  adiabatic  propagation 
factor  (r  »  j  w  A.  CJ,  the  result  is: 

a  ad 


.2  r  2 


(25) 


Now  ry  may  be  expressed  in  terns  of  a  propagation  constant,  h, 
so  that  rv  =  uh/a.  Thus,  equation  25  becomes: 


At  this  point  we  turn  to  the  momentum,  continuity,  and  energy 
equations.  Our  objective  Is  to  obtain  a  solution  of  these  equations 
for  the  case  of  a  small  perturbation  signal  superimposed  on  a  uniform 
throughflow.  Following  this,  the  solution  will  be  placed  In  the  form  of 
the  transmission  line  equations  23a  and  23b. 

3.1  Basic  Equations 

In  terms  of  Laplace  transform  variables,  the  momentum,  continuity, 
and  energy  equations  may  be  written  as: 


3x  p  3x 


su 


v  3  /  3  u. 

r—uTF) 


(27a) 


MiL  +  ijj+  [p  _  jfl  ..use. 
p  3x  3x  p  T  T  3x 


(27b) 


U  -jp-  +  (y 
3x 


, du  „  ad  /  36. 

I)T  s7s6  ‘  7  IF  (r  s7> 


(27c) 


where  u  and  e  are  the  Laplace  transforms  of  the  perturbation  velocity,  and 
temperature;  T  is  the  absolute  temperature  and  a  is  the  thermal  diffusivity. 


The  method  of  separation  of  variables  leads  to  th>?  solutions 
of  equations  27  in  the  form: 


u 


p  r 


O  V 
p  v  02 


e 


r  x 

V 


JQ  ( j B r) 

Jc  (jBR)  "  1 


(28a) 
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r 


(28b) 


Jq  (j  B  ^  r) 
Jq  (j  ft  Aip  R)j 


(28c) 


where  6  =  ( [s  +  U  r  1/v)'5, 

R  =  tube  radius. 

The  integration  of  equations  28  over  the  cross  section  leads  to: 


r  x  r 

A  P  r  e  V  (2  J 
.  o  v 

Q  *  - - -  i 


(jBR) 


-  j 


j-R  Jq  (jt-R) 


r  x 

V 


“1 


T(y  -  1)  P  e  v  |  2  J  (jB  VNp  R) 

ti  -  - -  1 1  -  - - 


VP 


jft  ^no  ( j 6  r) 


where  we  note  that 


I. 

'2 


8  R  «  (8  jj-)  (j  +  NMh) 


If  we  use  equations  28c  and  29a  to  obtain  a  relation  of 
the  type  indicated  in  equation  23a,  we  find  that 


Z 

V 


L  v  62 

a 

2  Jj  (j  0  R)  " 
j  8  R  J  (j  HR) 


Since  6  is  a  function  of  ry  (or  h),  then  Zy  is  also  a 
function  of  ry  (or  h) . 


(29a) 


(29b) 


(29c) 


(30) 


Now  if  we  average  the  terms  in  the  continuity  equation  27b 
and  apply  equation  29b,  the  result  may  be  placed  in  the  form  of  equation 
23b;  thus,  we  obtain: 
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Y 

v 


ca  v  6? 


2  (y  -  0  J,  (j  6  ^  R) 

1  ♦  - 

J  6  ^  R  J0  (J  e  ^  R) 


(31) 


Here  again  we  should  note  that  Yy  Is  a  function  oi  .  y  (or  h). 

The  substitution  of  equations  30  and  31  Into  equation  26  leads 
to  a  transcendental  equation  In  the  propagation  constant,  h.  From  this, 
h  can  be  determined  numerically  and  the  result  used  In  equations  30  and 
31  to  show  the  effects  of  throughflow  on  the  series  Impedance  and  shunt 
achilttance. 

In  addition,  the  characteristic  Impedance  with  throughflow,  Z  ,, 

Is  equal  to  [Zv/Yv]*s  for  the  variable  component  case.  c 

3.2  Effects  of  Throughflow  (Variable  Component  Model) 

Figures  6  and  7  show  the  effects  of  throughflow  on  the  imaginary 
parts  of  the  series  Impedance  (inertance)  and  the  shunt  admittance 
(capacitance).  In  figure  6,  for  zero  Mach  number  the  normalized 
inertance  goes  from  1.333  at  low  frequencies  to  1.000  at  high  frequencies. 
For  positive  Mach  nurtbers,  the  normalized  Inertance  of  the  line  decreases 
as  Mach  number  Increases;  and  for  reverse  throughflow,  the  Inertance 
Increases  as  the  Mach  number  decreases.  The  effect:  of  throughflow  on 
capacitance  (fig.  7)  Is  very  similar  to  that  of  the  inertance  (fig.  6). 
Throughflow  has  only  a  small  effect  on  the  real  parts  of  the  series 
Impedance  and  shunt  admittance. 

The  variable  component  model  shows  the  effects  of  the  throughflow 
on  the  series  impedance  and  shunt  admittance.  However,  these  parameters 
do  not  provide  a  basis  for  comparing  the  variable  and  fixed  component 
models.  The  reason  for  this  Is  that  the  fixed  component  model  takes 
throughflow  into  account  by  a  convective  term  in  the  modified  transmission¬ 
line  equation  1,  whereas  the  variable  component  model  uses  the  trans¬ 
mission-line  equations  23. 

To  compare  the  two  models,  we  may  examine  the  characteristic 
impedance  of  the  line  with  throuchflow.  The  real  parts  of  the  character¬ 
istic  impedance  determined  from  the  fixed  and  variable  component  models 
are  compared  in  figure  8  for  =  0.3.  When  u/u^  Is  less  than  0.1,  the 

variable  model  characteristic  impedance  is  smaller  than  that  of  the 
fixed  model.  Since  the  fixed  model  values  at  low  frequencies  are  already 
less  than  the  case  without  throughflow  (fig.  2),  the  variable  component 
model  tends  to  produce  larger  deviations  from  the  case  without  through- 
flow.  Thus,  the  effects  of  throughflow  are  enhanced  by  taking  the  com¬ 
ponent  variation  Into  account.  In  comparing  the  imaginary  parts  of  the 
characteristic  impedance  (fig.  9),  the  same  conclusions  apply. 
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4.  SUMMARY 


The  description  of  fluid  transmission  lines  consists  of  a  circuit 
representation  and  then  an  evaluation  of  the  components  in  the  circuit. 

We  investigated  the  propagation  of  small  amplitude  fluid  signals  super- 
imoosed  on  a  steady  throughflow  of  uniform  velocity.  Two  types  of 
distributed  circuits  were  assimed.  In  one  type  of  distributed  circuit, 
the  components  are  fixed  at  their  values  without  throughflow  and  the 
effects  of  throughflow  are  a  direct  consequence  of  the  particular  circuit 
formulation  selected.  The  other  distributed  circuit  is  the  conventional 
transmission  line  arrangement.  In  this  case  the  effects  of  throughflow 
are  taken  into  account  by  variations  in  the  components. 

The  fixed  component  model  and  the  variable  component  model  provide 
distinct  approximations  of  the  influence  of  throughflow.  Both  models 
show  that  throughflow  alters  the  characteristic  impedance  of  the  line. 

The  variable  component  model  produces  larger  changes  than  does  the  fixed 
component  model.  In  general,  the  results  demonstrate  that  the  real  part 
of  the  characteristic  impedance  is  practically  independent  of  the  through- 
flow  direction  and  at  low  frequencies  it  decreases  as  throughflow  increases. 
When  the  frequency  exceeds  the  viscous  characteristic  frequency  through- 
flow  does  not  affect  the  characteristic  impedance.  The  reactance  portion 
of  the  characteristic  impedance,  on  the  other  hand,  depends  cn  the 
direction  of  throughflow.  For  large  reverse  flow,  the  characteristic 
impedance  is  predominantly  resistive  throughout  Jie  frequency  range. 

A  major  effect  of  throughflow  on  terminated  lines  is  to  make 
the  lines  appear  shorter.  This  is  a  consequence  of  the  increased  speed 
of  signal  propagation. 
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REPORT  ON  THE  SIXTH  CRANFIELD  FLUIDICS  CONFERENCE. 

J.K.ROYLE,  Ph.D.  ,FIMechE,FRAeS,  UNIVERSITY  OF  SHEFFIELD,  U.K. 
Introduction. 

The  sixth  meeting  vas  held  in  Churchill  College,  Cambridge,  on 
26  -  28  March  197** •  After  nearly  a  decade  covering  the  span  of  the 
Cranfield  Fluidics  Conferences,  3 6  papers  were  presented  from  78  which 
were  offered,  and  125  delegates  attended  from  18  countries. 

The  Organising  Committee  have  had  an  introspective  look  over  the 
past  year  or  two  at  the  format  and  title  of  the  Fluidics  Conference 
and  the  matter  was  discussed  at  an  informal  forum  of  the  delegates 
during  the  conference.  The  forum  was  organised  under  the  title 
"The  Role  of  Fluidics  in  Fluid  Power."  The  discussion  was  wide  rang¬ 
ing:  it  was  noted  that  several  papers  involved  applications  with  mech¬ 
anical  moving  parts  which,  a  decade  ago,  and  even  now,  could  be  equally 
well  presented  in  a  conference  on  fluid  power,  or  pneumatics.  If  the 
"ic"  were  to  be  omitted  from  fluidic,  would  we  lose  momentum  in  a 
subject  which  is  now  finding  its  own  areas  of  application  over  an  ever 
increasing  field?  If  future  conferences  were  organised  under  a  more 
general  heading  such  as  Fluid  Control,  with  specific  sessions  covering 
the  range  of  fluid  power,  pneumatics,  hydraulic  control,  fluerics, 
and  the  like,  would  the  topic  of  fluid  control  be  stimulated  or  other¬ 
wise? 

Opinions  varied  as  to  how  wide  the  net  should  be  cast  in  terms  of 
control  hardware,  but  there  vas  general  assent  that  the  name  fluidics 
and/or  fluerics  should  at  least  be  retained  in  specific  sessions  of  a 
conference.  To  industrial  users  of  fluidics,  the  name  is  immaterial 
and  what'  is  important  is  the  grouping  of  relevant  papers  directed 
towards  the  same  areas  of  application  where  one  can  visualise  the 
alternative  solutions  of  fluidics,  pneumatics,  hydraulics,  and  elect¬ 
ronics. 

Review. 

In  a  short  review  of  the  sixth  C.F.C.,  it  is  impossible  to  do 
justice  to  all  the  papers  and  contributions.  Over  nine  sessions  the 
papers  were  grouped  under  the  varied  headings  : 

1.  Flow  Measurement, 

2.  Sensing  devices  and  techniques, 

3.  Fluid  Mechanics, 

I*.  Applications  of  heavy  current  devices, 

5.  Design  of  digital  devices  and  circuits  I, 

6.  Design  of  digital  devices  and  circuits  II, 

7.  Design  of  analogue  devices  and  circuits, 

8.  Process  control  and  material  handling  applications, 

9.  Specialised  devices  and  applications. 

Flow  Measurement . 

Four  papers,  (1,2,3,**,)  included  an  interesting  development ( 1 )  of 
a  process  sensor  for  on-line  measurement  of  fluid  flow  rate  or 
viscosity.  The  principle  involved  concerns  the  measurement  of  static 


2. 


pressure  drop  with  a  radial  inflow  through  a  thin  cylindrical  chamber. 

The  favourable  pressure  gradient  maintains  laminar  conditions  at  high 
Reynolds  number  and  the  device  has  been  tested  with  both  liquids  and 
gases.  The  paper  suggests  that  the  device  can  be  developed  to 
indicate  continuously  the  effective  viscosity  of  non-Newtonian  fluids. 
Discussion  centred  on  the  effects  of  "heat-slip",  i.e.  on  the  possible 
effects  on  local  viscosity  of  the  increased  shear  rate  and  energy 
dissipation  near  the  boundaries. 

A  further  paper(2)  was  concerned  with  the  development  of  a  fluidic 
pneumotachograph  for  monitoring  the  respiratory  flow  rate  of  infants 
and  neonates,  and  reflects  the  considerable  interest,  developing  in  the 
U.K. ,  in  the  use  of  fluidics  for  monitoring  respiratory  and  anaesthetic 
gas  flows.  In  the  paper  an  adaptation  of  the  jet  deflection  anemometer 
is  described  (Fig.  l),  and  an  optimum  value  was  sought  for  the  angle 
between  the  power  jets  with  a  view  to  maximising  the  signal/noise  ratio. 

A  bandwidth  of  6  Hz  (for  a  drop  of  3dB)  is  reported. 

The  edge-tone  oscillator  as  a  flowmeter (3)  was  studied  experimentally 
and  recommendations  made  for  a  flowmeter  which  can  cover  flow  rates  less 
than  10  il/min.  It  was  found  that  nozzle  exit  width  and  shape  and  the 
sharpness  of  the  pointeu  edge  were  highly  sensitive  terms  which  affect 
the  range  of  stable  oscillation  and  that  the  phenomenon  of  'frequency 
jumping'  can  be  prevented  by  the  proper  selection  of  nozzle-edge 
distance  and  sound  absorbing  material. 

The  fourth  paper  of  this  session (U)  described  a  novel  vortex  flow¬ 
meter  in  which  flow  is  introduced  tangentially  at  the  periphery  of  a 
thin  chamber  and  exhausts  axially  from  the  central  outlet.  The 
tangential  velocity  is  measured  by  a  timing  ball  which  is  free  to 
rotate  along  a  track.  Excellent  linearity,  though  not  proportionality, 
is  reported  for  the  relationship  of  frequency  and  volume  flow  rate. 

Sensing  Devices  and  Techniques. 

Of  the  three  papers  presented  verbally  in  this  session,  the  first 
concerned  an  interesting  study  of  a  pneumatic  neutron  flux  measurement 
di'vicc(5).  Two  systems  are  described  and  the  paper  is  concerned  with 
the  computer  simulation  of  the  respective  characteristics.  In  the 
first  system  a  bimetallic  strip  is  fabricated  from  an  aluminium- 
uranium  alloy  on  one  side  and  unalloyed  aluminium  on  the  other. 

Exposure  to  a  neutron  flux  heats  up  -ne  alloyed  sid^  due  to  fissioning 
of  uranium  atoms.  Deflection  of  the  strip  (Fig. 2)  is  measured  by  p. 
pneumatic  position  sensor.  The  second  system  relies  on  the  increase 
in  viscosity  of  a  gas,  with  a  temperature  rise.  A  constant  gas  flow 
is  passed  through  a  small  tube  under  laminar  conditions  and  the  press¬ 
ure  drop  is  therefore  related  to  temperature.  By  using  two  tubes,  made 
of  the  uranium-aluminium  alloy,  and  the  other  of  unalloyed  aluminium, 
the  dilferential  heating  due  to  neutron  flux  is  converted  to  a  differ¬ 
ential  pressure  signal. 

A  statistical  study  on  the  accuracy  of  fluidic  comparators (6)  was 
concerned  with  the  switching  of  a  wall-attachment  amplifier  for  rect¬ 
angular  pulse  and  ramp  inputs  after  the  stochastic  parameters  had  been 
determined  by  experiment.  Discussion  on  the  paper  highlighted  le 
general  need  for  comparative  results  for  several  types  of  element. 
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The  dynamic  response  of  an  acoustically  controlled  turbulence 
amplifier(7)  identified  two  characteristic  frequency  bandwidths  over 
which  the  amplifier  is  sensitive  to  the  control  sound,  the  higher 
bandwidth  being  more  significant  and  within  the  experimental  range  the 
fall  and  rise  times  are  virtually  equal  and  almost  independent  of 
control  sound  frequency  and  pressure  level. 

Fluid  Mechanics. 

A  pap«  concerned  with  a  fundamental  approach  for  predicting  and 
classifying  the  response  time  of  fluid  elements (8)  was  presented  and  a 
simple  expression  derived  which  relates  response  time  with  size,  fluid, 
operating  conditions  (Reynolds  number)  and  amplifier  characteristics 
(pressure  and  flow  rate  gain).  It  is  argued  that  a  dimensionless 
figure  of  merit,  i.e.  a  relative  response  time  should  be  used  to  comp¬ 
are  amplifiers  of  different  size  and  gain.  In  some  special  cases, 
multistage  amplifiers  allow  drastic  reductions  in  response  time  compared 
with  single  stage  amplifiers. 

A  paper  concerning  linearity  of  the  co-flowing  jet  fluidic 
anemometer ( 9 )  explained  and  predicted  that  one  might  expect  a  linear 
variation  of  receiver  signal  with  stream  velocity  for  only  a  small  range 
of  velocity  ratios  and  with  a  large  axial  separation  between  the  nozzle 
and  the  receiver. 

A  paper  which  excited  a  great  deal  of  attention  and  forms  a  note¬ 
worthy  advance  to  tie  literature  wan  "oncerned  with  the  laminar  prop¬ 
ortional  amplifier ( 10) .  In  this  new  design  depicted  in  Fig. 3,  the 

amplifier  has  a  pressure  gain  of  over  20  and  a  dynamic  range  greater 
than  2000  at  bandwidth  of  20  Hz.  A  typical  amplifier  can  sense 
pressure  signals  of  0.5  n/m2  with  a  bandwidth  greater  than  300  Hz.  The 
flow  field  visualisation  at  operating  Reynolds  number  is  reproduced  in 
Fig.  h  and  a  single  stage  gain  and  noise  level  is  shown  in  Fig. 5* 

Application  of  Heavy  Current  Devices. 

This  "heavy  current"  or  "primary"  fluidic  session  gave  an  inter¬ 
esting,  though  by  no  means  an  exhaustive,  indication  of  the  continuing 
and  growing  interests  in  large  fluidic  applications. 

The  paper  "Flow  control  by  use  of  digital  and  analogue  switched 
vortex  amplifiers ( 1 1 )  deals  with  the  proposed  use  of  large  vortex  units 
for  control  of  water  retained  by  a  dam,  as  shown  in  Fig. 6.  Different 
types  of  control  overflow  were  tested  on  models.  With  the  overflow 
with  a  horizontal  crest  or  overflow  with  a  sloping  crest,  the  vortex 
behaves  as  a  digital  unit  and,  with  a  vertical  control  slot,  the  output 
was  a  steady  rating  curve  tending  to  oscillatory  flow  at  lower  pressure 
ranges . 

A  feasibility  study  of  a  supersonic  fluidic  amplifier  capable  of 
operation  in  a  complete  vacuum(l2)  was  described  in  which  the  inactive 
output  is  deliberately  allowed  to  leak  in  order  that  the  interaction 
region  can  be  kept  pressurised  (Fig. 7).  The  application  is  to  roll- 
control  of  a  space  launcher. 

The  same  general  topic  in  a  completely  different  environment,  i.e. 
thrust  vector  propulsion  and  steering  of  submersible  vehicles( 13) ,  is 
illustrated  in  Figs.  8  and  9.  This  form  of  wake  steering  relies  essen¬ 
tially  on  differential  separation  within  the  fixed  shroud  enclosing  a 
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propeller  and  is  strictly  at  the  fringe  of  fluidics.  Nevertheless, 
the  results  of  preliminary  tests  are  reported  to  be  encouraging. 

This  session  was  completed  by  a  paper  on  the  high  gain  active 
diode(l*»).  Essentially  the  device  is  a  vortex  unit  as  shown  in  Fig.  10. 
Turndown  ratios  in  excess  of  12  are  reported  and  a  range  of  applications 
from  a  self-operating  protection  circuit  in  a  flow  control  process  to 
flash-back  protection  on  flarestack  burners  are  described. 

Design  of  Digital  Devices  ard  Circuits. 

The  use  of  regression  methods(l5)  for  optimising  the  design  of 
fluidic  elements  was  argued  in  the  opening  paper  of  this  session.  It  is 
shown  that  useful  information  can  be  obtained  from  simple  methods  using 
linear  relationships  with  only  eight  trials. 

A  powerful  paper  dealing  with  some  of  the  problems  of  implementing 
threshold  logic  with  existing  fluidic  devices(l6)  formed  the  second  paper 
in  the  session  covering  design  techniques.  It  is  argued  that,  although 
the  implementation  of  threshold  logic  is  more  involved  than  is  the  real¬ 
isation  of  OR/NOR  logic,  the  complications  involved  are  overshadowed  by 
the  versatility  of  the  element  and  the  complexity  of  the  logic  functions 
realised. 

A  first  class  and  fundamental  paper  in  the  session(17)  was  concerned 
with  the  effect  of  contamination  on  flueric  system  reliability.  Results 
are  presented  from  a  wealth  of  experimental  results  describing  the  de¬ 
grading  effects  of  supply  gas  contamination  on  approximately  *<00  circuits. 
Dust  contaminants  of  different  types  and  hardness  with  particles  graded 
from  150  to  5  micron  maximum  size  are  presented  and  a  simple  equation  is 
developed  involving  such  independent  variables  as  contaminant  size,  rate 
and  hardness,  supply  pressure,  nozzle  area  and  element  size.  Two  failure 
modes  are  postulated,  erosion  and  clogging  and  the  relative  reliabilities 
of  the  two  are  determined  for  various  conditions. 

During  a  second  session  on  the  design  of  digital  devices  and  circuits, 
a  series  of  four  papers  on  techniques  were  read.  The  first  of  these 
considered  fluidic  single-  and  two-variable  pulse-width-modulated 
systems(l8)  and  argues  that  the  effects  of  experimental  distortion  of  the 
carrier  waveform  can  be  minimised  provided  the  time  content  of  the 
resistance-capacitance  network  is  correctly  chosen.  The  paper  specu¬ 
lates  on  the  design  of  a  hybrid,  amplitude-modulated,  pulse-width 
modulated,  system  to  give  an  output  product  signal  such  as  torque  x  speed 
to  monitor  power.  A  second  paper  considered  stochastic  and  other  time- 
summation  fluidic  digital-to-analogue  converters ( 19)  and  gives  details  of 
a  new  family  of  pure  fluidic,  digital  to  analog  converters  which  use 
binary  pulse  trains  as  digital  weights,  thus  allowing  the  construction  of 
simple  digital-to-ai  alog  converters.  The  system  is  illustrated  in 
Fig. 11. 

The  third  paper  presented  considered  a  method  for  design  and  class¬ 
ification  of  two-output  memories  applied  to  sequential  circuit 
synthesis ( 20 ) .  The  method  of  calculation  of  memory  circuits  with  two 
outputs  of  cross-coupled  type  is  described  and  the  design  of  asynchronous 
sequential  circuits  is  demonstrated.  A  final  paper  in  this  seseion(2l) 
was  concerned  with  the  design  of  a  pulse-width-modulated  controller 
which  includes  both  a  wall-attachment  and  a  beam  deflection  amplifier  as 
active  elements. 


302 


5. 


Design  of  Analogue  Devices  and  Circuits. 

This  session  was  largely  concerned  with  vortex  units  and  contained 
a  number  of  interesting  and  novel  ideas.  In  a  paper (22)  describing  a 
vortex  valve  and  ejector  combination,  a  design  is  described  in  which 
the  addition  of  an  ejector  increases  the  turn-down  ratio  from  8  to  35* 

The  principle  is  illustrated  in  Fig.  12  and  underlines  the  fact  that, 
if  one  has  energy  to  spare,  it  can  be  put  to  good  use  -  in  this  case 
some  of  the  outgoing  flow  is  fed  back  via  the  ejector  to  form  the 
control  flow. 

A  novel  type  of  vortex  control(23)  for  use  in  oceanology  was  pres¬ 
ented  and  is  outlined  in  Fig.  13*  Here,  the  Lorentz  effect  is  used  to 
impart  spin  to  the  conducting  fluid  -  in  this  case  sea  water.  The 
permanent  magnet  gives  an  axial  magnetic  field,  and  the  current  flow  is 
in  the  radial  direction,  thus  giving  a  tangential  body  force  to  the 
fluid.  Various  relationships  of  flowrate,  electric  current  and  salt 
concentration  are  included  and  the  side  effect  due  to  electrolysis  is 
noted. 

A  proportional  fluid  amplifier  using  a  free  liquid  jet(2U)  was 
described  in  the  third  paper  of  this  session.  By  placing  the  control 
nozzles  so  that  they  intercept  the  emitter  jet,  a  coherent,  constant 
diameter  jet  is  achieved  downstream  of  the  deflection  region.  The 
prototype  gave  a  blocked  load  pressure  gain  of  22. 8  and  a  flow  gain  of 
6.9,  with  a  block  load  pressure  recovery  of  89/f  and  an  open  load  flow 
recovery  of  97Jf. 

General  design  methods  applied  to  circuits  associated  with  regen¬ 
erative  systems (25)  were  described  in  generalised  terms  of  an  ideal 
Eulerian  3-terminal  device.  The  paper  is  particularly  apt  for  applic¬ 
ations  involving  pumping  of  toxic  or  abrasive  liquids,  or  for  directing 
furnace  gases  through  heat  exchangers. 

Process  Control  and  Materials  Handling  Applications. 

This  session  contained  four  papers,  the  first  of  which  described  a 
fluidic  weight  checking  apparatus  (26)  -  although  pneumatic  would  be  a 
more  accurate  description.  Essentially,  a  hemispherical  ball  on  a 
seating  forms  a  flapper  valve  and  the  moving  parts  are  supported  in  air 
bearings.  Good  linearity  between  pressure  and  supported  weight  is 
reported  from  the  experimental  set-up  and  the  discussion  centred  on  the 
stability  and  fluid  mechanics  of  the  flow  through  the  poppet-type  valve. 

Sorting  by  fluidics(27)  was  the  topic  of  the  second  paper  of  the 
session.  Here  a  Coanda  unit  with  a  supersonic  jet  outlet  (M  *  1.6)  is 
triggered  to  an  accept  or  reject  mode  by  an  impulse  originating  from  a 
photo-cell  via  an  electronic  amplifier  and  air  valve.  Experimentally, 
objects  of  hazel  nut  size  could  be  sorted  between  those  deliberately 
coloured  black,  and  the  standard  brown  variety  with  about  92%  reliability 
at  about  double  the  rate  of  systems  using  moving  part  pneumatic  units. 

The  paper  concludes  that  there  seems  to  be  no  clear  advantage  in 
extending  the  system  by  miniaturising  the  fluidic  valves  to  sort  objects 
of  the  size  of  rice  grains. 

The  general  theme  of  automation  was  continued  in  the  session  with  a 
highly  sophisticated  and  elegant  paper  on  fluidic  read-out  of  a  scale 
and  N  C  of  weighing  processes  (28).  Here  two  scales  have  been  equipped 
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with  fluidic  analog  to  digital  converters  in  which  the  code  is  etched 
into  a  thin  aluminium  sheet  and  is  sensed  by  air  jets.  Fluidic  signals 
are  transduced  into  a  polyadic  code  and  converted  to  electric  signals  at 
a  power  signal  low  enough  to  ensure  safety  in  explosion  danger  areas. 

The  case  is  made  that  fluidics  has  proved  to  be  the  optimum  solution  for 
the  high  degree  of  automation  in  batch-processing  technology  when 
resolution,  absolute  encoding,  contactless  sensing,  speed  of  response, 
mechanical  input  and  output,  safety,  and  insensitivity  to  the  environment 
are  considered. 

The  final  paper  of  this  session  described  the  system  analysis  of  a 
fluidically  controlled plant( 29)  and,  again,  fluidics  here  includes 
diaphragm  operated  air  valves.  The  system  concerns  an  aircraft  cabin 
where  the  pressure  is  to  be  controlled  during  rapid  changes  of  altitude 
and  theoretical  calculations  predict  an  entirely  satisfactory  performance. 

Specialised  Devices  and  Applications. 

The  first  paper  in  the  series  described  a  fluidic  application  in  the 
bio-engineering  field.  The  paper  dealt  with  the  development  of  a  valve 
block  for  air  massaging  applications (30)  and  concerns  the  performance  of 
a  valve  block  with  oscillators ,  and  piston  repeater  valves  and  invertor 
valves.  Air  pockets  in  the  belt  which  is  strapped  to  a  patients  limb, 
serve  as  charging  capacitors  then  undergo  continual  cycles  of  inflation 
and  deflation. 

Fluidic  applications  for  the  artificial  heart (31)  form  the  topic  of 
another  paper  in  the  sess'on.  Here  the  circuits  of  two,  low  frequency, 
square-wave,  generators  using  a  fluidic  Schmitt  trigger  are  described, 
in  which  the  output  wave  duty-cycle  applied  to  the  sac-type  artificial 
heart  pump  cm  be  controlled  by  means  of  a  control  pressure  signal. 

A  fluidic  clock(32)  was  the  title  of  the  third  paper  in  the  session. 

In  this  very  interesting  paper,  three  types  of  fluid  clocks  are  studied 
-  an  R  C  fluidic  oscillator;  a  balance-wheel  with  air  bearings  entrained 
by  the  output  of  a  bistable  unit  < Fig .  1 U ) ;  and  a  balance  wheel  with 
sapphire  bearings  and  fluidic  entrainment.  The  timer  is  designed  to 
withstand  severe  environmental  conditions.  In  the  sapphire  bearing 
design,  the  clock  has  a  frequency  close  to  23  Hz  with  a  stability  under 
laboratory  conditions  better  than  5  x  10”^.  Excellent  temperature 
insensitivity  is  reported  with  a  shift  within  +  10"**  for  a  temperature 
change  within  5  to  55°C  and  the  clock  will  function  under  an  acceler¬ 
ation  of  70  "g". 

An  unusual  paper  which  stimulated  a  great  deal  of  interest  concerned 
a  fluidic  explosive  initiator( 33) .  This  unit  comprises  a  convergent 
nozzle  which  gives  a  compressible  jet  cell  structure  in  which  is 
placed  axially  a  resonance  tube  -  pref-  -ably  stepped  down  in  diameter 
towards  the  closed  end.  The  very  high  and  rapid  temperature  rise. 

Fig. 15,  at  the  closed  end  is  useful  as  an  explosion  initiator.  The 
discussion  brought  out  the  similarities  to  the  Hilsch  vortex  tube  and 
posed  rather  more  thermodynamic  questions  than  answers. 

A  tnree-stage  cascade  amplifier  consisting  of  three  wall  attachment 
devices  switched  by  a  secondary  fluid,  either  gas  or  liquid(3*0,  was 
described  and  tests  were  conducted  on  a  pneumatically  controlled  unit  of 
a  10  ton  rocket  engine.  It  is  argued  that  the  same  ideas  can  be  applied 
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to  cascade  amplifiers  in  any  industrial  situation  in  which  the  absence 
of  vents  is  iB5>ortant. 

The  penultimate  paper  read  at  the  Conference  concerned  a  fluidic 
surge  prevention  unit  for  jet  engines(35).  The  circuit  diagram  is 
reproduced  in  Fig.  16  and  it  may  be  readily  argued  that,  when  the  rate  of 
change  of  supply  pressure  is  positive,  the  flow  into  the  pneumatic 
capacitance  does  not  affect  the  flow  pattern  in  the  vortex  chamber  as 
the  tangential  control  duct  is  radially  opposite  the  inlet  duct.  When 
the  rate  of  change  of  input  pressure  i3  negative  however,  the  retained 
higher  pressure  in  the  capacitance  produces  an  input  swirl  in  the  vortex 
chamber  and  consequently,  an  amplified  difference  between  reference  and 
output  pressures.  The  rapid  reduction  in  compressor  delivery  pressure 
consequent  on  compressor  surge  is  therefore  detected  and  the  unit  has 
been  successfully  subjected  to  bench  and  engine  tests. 

The  final  paper  presented  at  the  conference  concerned  a  fluidic 
systems  power  source  study(36).  An  analysis  is  made  of  possible  sources 
of  gas  power  for  fluidic  systems  in  munition  and  veapon  applications. 

In  generalised  form,  hydrazine,  liquid  ammonia,  solid  propellantB  such  as 
ammonium  nitrate  and  subliming  solids  are  described,  and  the  conclusions 
indicate  that  cold  gas  is  desirable  for  short-time  running,  when  volume 
is  available.  Again,  where  space  is  at  a  premium,  the  use  of  hot  gas 
shows  promise  over  using  stored  gas  at  super  pressures. 

Three  additional  papers  which  were  not  presented  completed  the  list 
of  conference  papers.  In  the  first  of  these  is  described  a  level 
sensing  fluidic  amplifier  for  very  loose  materials ( 37 )  such  as  wood 
particles,  using  a  back-pre£3ure  sensor  which  could  also  be  developed 
for  sensing  very  low  velocities  in  fluidic  anemometry. 

Impedance  matching  of  rectangular  and  circular  pneumatic  transmission 
lines (38)  was  the  subject  of  a  theoretical  paper  in  which  methods  for 
optimal  matching  design  of  harmonic  signal  transmission  and  arbitrary 
shape  signal  transmission  with  spectral-response  characteric |S( jw)  |  are 
presented  and  discussed. 

Finally,  a  pure  fluidic  circuit  applied  for  a  fluid  division  ratio 
control  in  a  distiller  column(39)  vus  the  subject  of  a  paper  in  which 
fluidic  diverting  valves  are  used  as  actuators  for  use  in  a  pharmaceutical 
factory. 

Conclusions. 

Overall  the  conference  was  a  great  success.  It  may  be  that  there  is 
little  interest  in  whether  words  such  as  fluidic  and  fl-ueric  should 
continue  to  flourish,  but  there  is  no  doubt  at  all  that  the  momentum 
created  by  fluidics  in  providing  solutions  to  real  problems  is  in  a  very 
flourishing  state. 

Underlying  the  applications  of  fluidics  or  pseudo-fluidics  across 
the  wide  spectrum  from  logic  to  "heavy  current"  fluidic  applications; 
from  low- flow  measurement  and  anemometry  to  thrust  vector  control;  from 
very  low-noise  amplifiers  to  explosion  initiation;  taking  on  board  such 
diverse  subjects  as  artificial  hearts,  fluidic  clocks,  surge  prevention 
of  jet  engines,  and  sorting  by  fluidics;  is  the  constant  economic  driving 
force  which  ultimately  distinguishes  and  isolates  the  viable  applications 
of  fluid  control  systems. 


i 


305 


References. 


8. 


1.  "An  on-line  sensor  for  fluid  flow  rate  or  viscosity  measurement." 

W.F. Hayes,  J.W.Tanney  and  H.G. Tucker,  National  Research  Council  of 
Canada. 

2.  "A  fluidic  pneumotachograph  for  neonates."  H.El-Gammal,  Hatfield 
Polytechnic,  U.K.  and  J  Bushman,  Royal  College  of  Surgeons,  U.K. 

3.  "Edge-tone  oscillator  as  a  flow  meter."  M.Yonemochi  and  T. Nakamura, 
Kobe  University,  Japan. 

1*.  "Investigation  of  a  vortex  flow  meter."  li.*.Kwok  and  D.Nastou,  Sir 
George  Williams  University,  Canada. 

5.  "An  investigation  of  pneumatic  neutron  flux  measurement  device." 
R.G.McCutcheon,  Imperial  Oil  Ltd., Canada,  and  J.N. Wilson,  University 
of  Saskatchewan,  Canada. 

6.  "Statistical  studies  on  the  accuracy  of  fluidic  comparators." 
H.Hanafusa  and  K.Miyata,  Kyoto  University,  Japan. 

7.  "An  investigation  of  the  dynamic  response  of  an  acoustically  contro¬ 
lled  turbulence  amplifier."  G.W. Rankin  and  K.Sridhar,  University  of 
Windsor,  Canada. 

8.  "Response  time  of  fluid  elements."  H.H.Glattli,  Pneumotech  AG, 
Switzerland. 

9.  "Further  studies  of  the  co-flowing  jet  fluidic  anemometer." 

R.K.Duggins,  University  of  Nottingham,  U.K. 

10.  "Laminar  proportional  amplifier."  G.Mjr.,  Harry  Diamond  Laboratories, 
U.S.A. 

11.  "Flow  control  by  use  of  digital  and  analogue  switched  vortex  ampli¬ 
fiers."  H.Brcmbach,  University  of  Stuttgart,  German  Federal  Republic. 

12.  "A  supersonic  fluidic  amplifier  for  operation  in  a  vacuum  environment." 

M. Carbonaro,  Von  Karman  Institute  of  Fluid  Dynamics,  Belgium. 

13.  "Propellered  fluidic  nozzles  for  thrust  vector  propulsion  and 
steering  of  submersible  vehicles."  G.Schoenau,  B. Fellows  and  C.Taft, 
University  of  New  Hampshire,  U.S.A. 

lU.  "A  high  gain  active  diode  -  the  reverse  flow  vortex  amplifier." 

N. Syred  and  J. Tippetts,  University  of  Sheffield,  U.K. 

15.  "A  methodological  approach  to  the  design  optimisation  of  fluidic 
elements."  J.Watton,  Huddersfield  Polytechnic,  U.K. 

16.  "Threshold  logic  and  existing  fluj die  devices."  C. A. Martin,  General 
Motors  Corporation,  U.S.A. 

17-  "Effect  of  contamination  on  fluidic  circuit  performance." 

W.J.Westerman,  McDonnell-Douglas  Astronautics  Ltd.,  U.S.A. 

18.  "Practical  considerations  for  fluidic  siugle-and  two-variable  pulse- 
width-modulated  systems."  F. A. Parker,  University  of  Surrey,  U.K. 

19.  "Stochastic  and  other  time-summation  fluidic  digital-to-analogue 
converters."  R.Massen,  T.H. Aachen,  German  Federal  Republic. 

20.  "A  method  for  design  and  classification  of  two-output  memories 
applied  to  sequential  circuit  synthesis."  W.Hubl,  Ruhr  Universitat 
Bochum,  German  Federal  Republic. 

21.  "Fluidic  pulse  width  modulation  controller  for  non-electrical  control 
unified  systems."  A.M.Stanescu,  Pclytechnical  Institute  of  Bucharest, 
Romania. 

22.  "A  vortex  valve  and  ejector  combination  for  ia  roved  turn  down 
ratios."  P.W.Fitt,  University  of  Bristol,  U.K. 


306 


9. 

23.  "Static  characteristics  of  an  electromagnetically-controlled  vortex 
type  liquid  amplifier."  K.Shimada,  Chuo  University,  Japan. 

2h.  "Proportional  fluid  amplification  using  a  free  liquid  jet." 

J.D. Malcolm,  Memorial  University  of  Newfoundland,  Canada,  and 
S.A.Alpay,  University  of  Waterloo,  Canada. 

25.  "General  design  methods  applied  to  circuits  associated  with 
regene 'at ive  systems."  J. R. Tippetts  ,  University  of  Sheffield,  U.K. 

26.  "Fluidic  weight  checking  apparatus."  P.Wiedmann  and  E.Illig, 

University  of  Stuttgart,  German  Federal  Republic. 

27.  "Sorting  by  Fluidics."  Y.S.Chadda,  University  of  Singapore,  R.S.Neve 
and  P.H.G. Penny,  The  City  University,  U.K. 

28.  "Fluidic  readout  of  a  scale  and  NC  weighing  processes."  H.H.Glattli, 
Pneumotech  AG,  Switzerland. 

29.  "System  analysis  of  a  fluidically  controlled  plant."  G.Belfore, 
A.Romiti  and  G.Jacazio,  Politechnico  di  Torino,  Itlay. 

30.  "Development  of  a  valve  block  for  air  massaging  applications." 

R.M.H. Cheng  and  C.K.Kwok,  Sir  George  Williams  University,  Canada. 

31.  "A  low  frequency  pneumatic  square-wave  generator  with  variable  duty- 
cycle  for  artificial  heart  pump  applications."  S.Lin,  J . C . Callaghan 
and  N.Suresh,  Sir  George  Williams  University,  Canada. 

32.  "A  fluidic  clock."  P.Facon,  C.Pavlin,  Bertin  &  Cie,  Frarre,  and 
C. Pascal,  C.E.A. ,  France. 

33.  "Fluidic  explosive  initiator."  E.L.Rakowsky,  V.P.Marchese, 

EMX  Engineering  Inc.,  U.S.A.  and  A.P.Corrado,  Dept,  of  the  Army, 
Picatinny  Arsenal,  U.S.A. 

3*<.  "A  pneumatic  or  electrically  controlled  fluidic  amplifier  for  liquid 
secondary  injection."  W.Kranz  and  H.Tilman,  Messerschmitt-Bolkow- 
Blohm,  German  Federal  Republic. 

35.  "Fluidic  surge  prevention  unit  for  jet  engines."  R.Rimmer,  Dowty 
Fuel  Systems  Limited,  U.K. 

36.  'Fluidic  systems  power  source  study."  A.E.Schmidlin  and  A.P.Corrado, 
Dept. of  the  Arqy,  Picatinny  Arsenal,  U.S.A. 

37.  "Level  sensing  fluidic  amplifier  for  very  light  loose  materials." 
L.Lencz,  W<  od  State  Research  Institute,  C.S.S.R. 

3f.  "Impedance  etching  of  rectangular  and  circular  pneumatic  transmission 
lines."  V.Chi.'dy,  Slovak  Institute  of  Technology,  C.S.S.R. 

39.  "Pure  fluidic  circuit  applied  for  a  fluid  division  ratio  control  in 
a  distiller  column."  U.Pietka  and  Z.Wanski,  Polish  Academy  of 
Sciences,  Poland. 


307 


Impinging  jet  flowmeter 


POSITION  SENSOR  TUBE 


OOLANT 

FLOW 


BIMETALLIC  STRIP 


The  Bimetallic  Strip  Neutron  Sensor 


OUTPUTS 


SPLITTER 


VENTS 


CONTROLS 


SUPPLY 


Present  design  of  laminar  proportional  amplifier 


ianfi«i»«i 

felllRlMli 

•••SWS52S 


tine* _ 

iinnum* 

'•■■**«*'*  ia* 
!■■■««*:  iat? 


It* 

\d* 

an* 

#»** 


Single  stage  gain  and  noise  level 


INFLOW 


RESERVOIR 


CONTROL  SHAFT 
VORTEX  CHAMBER 


XIT  NOZZLE 
777^  OUTFLOW 


SUPPLY  NOZZLE^ 

CONTROL  NOZZLE 


Arrangement  of  a  vortex  valve  for  flow  control( simplified 
longitudinal  section) 


SUPPLY 


FLUID 

CONTROL  (on) 


JET  (on) 


PASSIVE 

/OUTPUT 


FLUID  N 

CONTROL(otf)  prESSURIZINq\  \aCTIVE 
JET  (off)  OUTPUT 

Use  of  curtain  jets  in  the  output  ducts  for  pressurizing 
the  interaction  zone 

OPEN  PORT 


k! 


CLOSED  PORT 

Fig. 8  Cross-sectional  view  of  wake  steering  nozzle  (W.S.N.) 
with  port  open 


PORT  OPEN. 


PORT  CLOSED 


jail 


PORT  CLOSED 


«*] 


PORT  CLOSED 


'16.9  Proposed  concept  of  W.S.N.  mounted  or,  a  submersible  vessel 


312 


I  2  3  4  5  6  7  8  9  10  II  12  13  14  15 


Digital  in 


i 


Pneumatic  time- summation  DAC  with  code  disc 


Structure  of  vortex  type  liquid  areplifi 


-END  WALL  TEMPERATURE  ft) 


(HELIUM 


ARGON 


NITROGEN 


500 


I  I  I 


I  l  l 


01  0-2 
t-TIME  (SEC) 

Fig. 15  Performance  characteristics  of  various  gases 


CAPACITY 
volume  V 


"0. 

VORTEX 

AMPLIFIER 


HIGH  PRESSURE 
BISTABLE  SWITCH 


-X RESET  SOLENOID 


P2  PRESSURE  FROM 
COMPRESSOR  DELIVERY 

AT  SURGE- P2  EXCEEDS  A  PRE  SET  VALUE  AND  UNIT 
OUTPUT  SWITCHES  FROM  0PA  TO  0PB 

Fig. 16  Surge  sensor  circuit  diagram 


ABSTRACT 


This  paper  discusses  fluidic  standards  with  respect  to  their 
development,  their  subject  material,  their  use  within  the  fluidic 
technology,  and  to  some  extent,  their  relationship  to  other  technologies. 
The  many  groups  that  are  active  In  developing  standards  and  the  stan¬ 
dard  documents  they  Issue  are  described.  Among  the  most  active  groups 
are  the  Government  Fluidics  Coordination  Group  (GFCG)  and  the  National 
Fluid  Power  Association  (NFPA).  Two  military  standards  on  fluidic 
terminology,  synfcology,  and  test  methods,  were  developed  and  recently 
revised  by  the  GFCG.  Two  additional  standards  on  moving  part  fluid 
logic  synbols  and  data  presentation  were  developed  by  the  NFPA.  These 
four  documents  form  the  framework  of  the  current  fluidic  standards 
used  In  the  United  States. 
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1.  INTRODUCTION 

The  fluidic  standards  currently  used  In  America  have  been  devel¬ 
oped  by  various  groups  and  associations  from  both  Industry  >ind  govern¬ 
ment.  The  more  active  groups  are  the  Government  Fluidics  Coordination 
Group,  the  National  Fluid  Power  Association,  and  the  Society  of  Automo¬ 
tive  Engineers.  However,  the  Instrument  Society  of  America,  the 
American  National  Standards  Institute,  and  the  International  Organiza¬ 
tion  for  Standardization  have  also  contributed  to  fluidic  standardization. 
Each  group  has  Its  own  particular  Interest,  and  of  course  the  standards 
and  documents  developed  by  each  group  reflect  Its  own  Interest. 

Generally,  fluidic  standards  have  been  carefully  compared  and 
edited  so  that  the  different  standards  developed  by  the  different 
organizations  agree  with  each  other  when  they  pertain  to  the  same 
subject  matter.  This  Is  especially  true  of  the  Initial  standards  that 
dealt  with  the  more  basic  aspects  of  fluidics;  namely,  terminology  and 
symbology.  Now  efforts  continue  to  Insure  that  this  mutual  acceptance 
Is  attained  as  old  standards  are  revised,  new  documents  are  developed, 
and  International  standards  are  generated. 

This  paper  reviews  the  development,  contents,  and  use  of  these 
standards  In  America.  Short  discussions  of  the  groups  responsible  for 
the  development  of  each  standard  are  Included  to  help  show  the  re¬ 
lationships  among  the  various  documents.  To  some  extent,  this  paper 
also  discusses  the  Importance  to  fluidics  of  standards  In  related  areas 
of  the  flu1d  power  technology.  The  relationship  between  American  and 
International  standards  and  the  possibilities  for  future  fluidic 
standards  are  briefly  discussed. 

2.  RELEVANT  ORGANIZATIONS  AND  DOCUMENTS 

2.1  The  Government  Fluidics  Coordination  Group 

The  Government  Fluidics  Coordination  Group  (GFCG)  Is  an  Informal 
group  of  people  from  various  government  agencies.  The  conmon  bond 
among  the  group  menbers  Is  their  Interest  In  fluidics.  The  menbershlp 
changes  as  fluidic  activities  change  In  the  different  government 
agencies. 

The  purpose  of  the  group  Is  to  pool  Information  and  resources; 
catalog  what  each  member  Is  doing,  can  do,  and/or  wants  to  do;  and 
establish  functioning  lines  of  communication.  In  this  way,  the  various 
agencies  are  able  to  help  simplify  each  other's  efforts  and  eliminate 
duplication. 

Since  one  aim  of  the  GFCG  Is  to  disseminate  fluidic  Information, 
such  documents  as  key  word  lists  for  retrieval  of  fluidic  Information, 
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element  data  specification  formats,  and  military  standards  on  fluidics 
have  been  developed  by  the  6FCG.  In  fact,  development  and  revisions 
of  fluidic  military  standards  are  processed  very  efficiently  by  the 
GFCG  relative  to  other  military  standards  since  the  procedure  for 
acceptance  of  manuscripts  as  fluidic  military  standards  can  be  handled 
within  the  GFCG,  eliminating  c.se  usual  mall  ballot  delays  encountered 
with  other  standards.  The  tin*  It  takes  for  a  manuscript  to  become 
a  standard  can  be  cut  In  half  by  this  GFCC  activity. 

In  addition,  the  GFCG  maintains  files  on  suggested  revisions 
and  additions  to  Its  standards.  Such  a  file  Is  one  on  suggested  symbols 
for  new  commercial  devices.  When  these  files  contain  enough  material 
on  a  given  subject  to  warrant  a  revision  to  a  standard  or  to  warrant 
a  new  standard,  then  a  revision  or  new  manuscript  Is  processed. 

Five  areas  within  the  fluidic  technology  that  are  covered  by 
fluidic  military  standards  and  docunents  are: 

1)  Terminology, 

21  Syirbology, 

3)  Test  Methods, 

4)  Instrumentation,  and 

5)  Data  Presentation. 

The  documents  covering  these  areas  are: 

1)  MIL-STD-1306A  (  8  Dec  72)  "FLUERICS:  TERMINOLOGY  AND 
SYMBOLS  " 

2) ’  MIL-STD-1361A  (28  Dec  73)  "FLUIDICS:  TEST  METHODS  AND 
INSTRUMENTATION,"  and 

3)  Fluidic  Element  Fact  Sheet. 

The  material  In  MIL-STD-1306A  Is  covered  In  several  similar  In¬ 
dustry  standards.  However,  this  version  has  been  revised  recently 
and  Is  more  comprehensive  and  more  consistent  with  SI  than  the  Indus¬ 
trial  standards,  although  the  differences  are  not  great. 

The  material  In  MIL-STD-1 361 A  Is  also  covered  In  similar  Industrial 
standards.  However,  as  with  the  first  standard  mentioned  above, 
this  second  standard  has  also  been  revised  more  recently  than  Its 
Industrial  counterparts. 

The  fact  sheet  specifies  a  standard,  easily  readable  format 
In  which  basic  element  performance  data  may  be  presented. 
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2.2  The  National  Fluid  Power  Association 


The  National  Fluid  Power  Association  (NFPA)  consists  of  about  150 
manufacturers  and  users  of  fluid  power  products.  The  services  that 
the  NFPA  performs  for  the  fluid  power  Industry  range  from  marketing 
to  educational  services  and  Include  standardization  activities.  The 
scope  of  NFPA  Interests  cover  the  entire  fluid  power  Industry  Including 
the  fluidic  technology. 

It  Is  natural  for  the  NFPA  to  develop  fluidic  standards  because 
of  Its  extensive  standardization  activity  In  the  fluid  power  Industry, 
and  because  of  Its  sensitivity  to  the  needs  of  both  fluid  power  con¬ 
sumers  and  manufacturers.  This  position  helps  to  Insure  that  their 
fluidic  standards  are  widely  accepted  and  consistent  with  other  stan¬ 
dards  throughout  the  fluid  power  technology. 

Specifically,  the  NFPA  has  standards  In  the  following  areas: 

1)  Terminology, 

2)  Synfcology,  and 

3)  Physical  Data  ard  Performance  Data  Presentation. 

These  areas  are  covered  In  the  following  four  documents: 

1)  T3. 7. 1-1968  "Glossary  of  Terms  for  Fluidic  Devices  and 
Circuits," 

2)  T3. 7.2-1968  "Graphic  Synfcols  for  Fluidic  Devices  and  Circuits," 

3)  T3. 7. 3-1960  "Method  of  Rating  Performance  of  Fluidic  Devices," 

4)  T3. 28. 9-1973  "Method  of  Diagramming  for  Moving  Parts  Fluid 
Control s . " 

The  first  two  documents  cover  essentially  the  same  material 
as  In  the  corresponding  military  standard.  The  third  document  Is 
a  good  comprehensive  document  on  Its  subject.  The  material  covered 
In  It  Is  not  covered  In  any  other  document  (except  an  American 
National  Standards  Institutes,  section  2.6,  publication  of  nearly 
the  same  material)  making  this  document  of  singular  Importance.  This 
Is  also  the  only  American  fluidic  document  presently  being  edited 
for  International  use  by  the  International  Organization  for  Stan¬ 
dardization  (section  2.4).  The  fourth  docunent  above  Is  the  only 
document  published  on  dl agrarrml ng  for  moving  part  controls  and  Is 
helpful  In  Indicating  the  Interdependence  between  fluid  logic  and 
the  broader  area  of  fluid  power.  One  might  think  of  this  document 
as  also  describing  the  Interface  components  Into  and  out  of  the 
logic  circuit  because  syntols  for  such  Items  as  switches,  and  Indicators 
are  also  presented.  In  addition,  this  document  describes  the  various 
ways  that  logic  circuits  are  presented,  such  as  attached  and  detached 
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diagrams,  and  the  various  equivalent  ways  of  presenting  the  same  logic 
functions. 

The  NFPA  also  publishes  a  compilation  of  fluid  power  standards 
called  Fluid  Power  Standards  (third  edition).  This  Is  a  very  good 
overall  volume.  The  strictly  fluidic  documents  In  this  publication, 
however,  are  few  compared  with  the  number  of  other  fluid  power  standards. 

2.3  The  Society  of  Automotive  Engineers 

The  title.  Society  of  Automotive  Engineers  (SAE),  Is  In  some  ways 
a  misnomer  because  the  Interests  of  this  society  are  very  broad.  The 
SAE  Is  organized  Into  groups  or  councils  according  to  specific  Interests. 
One  of  these  councils  Is  the  Aerospace  Council .  The  fluidics  panel 
Is  part  of  the  Aerospace  Council's  A-6  Committee  on  Aerospace  Fluid 
Power  and  Control  Technologies. 

The  Aerospace  Council  publishes  three  kinds  of  documents;  1)  Aero¬ 
space  Information  Reports  (AIR's),  2)  the  Aerospace  Recomnended  Practices 
(ARP's),  and  3)  recommended  Aerospace  Standards  (AS's).  Usually,  general 
Information  Is  presented  In  the  AIR's.  When  general  Information  Is 
or  can  be  refined  and  reduced  to  specific  well  accepted  practices, 
this  then  becomes  the  subject  of  an  ARP.  Finally,  the  AS  presents 
the  society's  recommended  action  for  standard  practices  In  the  aerospace 
Industry. 

With  specific  relevance  to  fluidics  the  Aerospace  Council  has 
published  or  Is  processing  documents  In  the  following  seven  areas: 

1)  Terminology, 

2)  Syntology, 

3)  Test  Methods, 

4)  Instrumentation, 

5}  Power  Supplies, 

6)  Element  Specification  Presentation,  and 

7)  Interface  Devices. 

These  seven  areas  are  covered  In  the  following  four  documents: 

1)  ARP  993A  "Fluidic  Technology"  (revised  2-15-69) 

2)  ARP  1254  "Fluidic  Test  Methods  and  Instrumentation" 

3)  AIR  XXX  "Fluidic  Power  Supplies" 

4)  AIR  XXX  "Interface  Devices" 

The  first  two  documents  cover  essentially  the  same  material  as  the 
military  standards,  but  they  are  out  dated  by  the  military  standards. 

The  third  and  fourth  documents  are  currently  proposed  documents,  but 
the  Information  In  them  Is  not  contained  In  any  other  Industry  or 
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government  document,  so  they  will  be  significant  documents.  Unfor¬ 
tunately,  the  time  required  for  publication  of  these  documents,  If 
typical,  may  be  considerable.  Note  that  none  of  these  Is  a  recom¬ 
mended  Aerospace  Standard. 

2.4  The  International  Organization  for  Standardization 

The  International  Organization  for  Standardization  (ISO)  Is  the 
single,  most  Influential  standards  organization  In  the  world.  Its 
standards  reach  Into  all  areas  of  Industry  and  commerce.  Its  efforts 
In  the  fluidic  technology  have  only  been  underway  for  less  than  two 
years,  but  the  number  of  fluidic  documents  that  the  ISO  Is  working 
on  Is  considerable.  The  areas  covered  by  these  documents  Include: 
logic  diagramming,  circuit  diagramming,  terminology,  performance  rating, 
and  others.  A  large  number  of  docunents  Is  under  consideration  because 
member  countries  submit  their  national  docunents,  and  the  delegates 
from  the  other  countries  edit  and  rewrite  these  documents  for  Inter¬ 
national  purposes. 

Generally  speaking,  the  European  countries  present  a  unified 
position  and  therefore  manage  to  greatly  Influence,  If  not  control,  ISO's 
fluidics  activity.  In  contrast  to  this,  the  American  Input  to  the  ISO's 
fluidic  effort  has  been  fragmented  and  disorganized.  Therefore,  the 
American  Influence  Is  weak. 

Other  than  strictly  fluidic  activity,  the  ISO  publishes  several 
standards  that  Influence  the  fluidic  activity;  the  most  Important  Is 
ISO/R  1000  "Rules  for  the  Use  of  Units  of  the  International  System  of 
Units  and  a  Selection  of  the  Decimal  Multiples  and  Sub-Multiples  of 
the  SI  Units."  Of  the  many  ISO  fluid  power  standards,  the  most  Im¬ 
portant  Is  R1219,  "Graphical  Symbols  for  Hydraulic  and  Pneumatic 
Equipment  and  Accessories  for  Fluid  Power  Transmission,"  which  Is 
very  similar  to  ANSI/Y32. 10-1967  "Graphic  Symbols  for  Fluid  Power 
Diagrams"  (section  2.6). 

2.5  The  Instrument  Society  of  America 

Because  the  Instrument  Society  of  America  (ISA)  works  in  the  area 
of  control  technology,  and  pneumatics  Is  used  in  this  technology, 
some  ISA  work  Is  related  to  fluidics.  Specifically,  there  are  two 
documents • 

1)  ISA  Tentative  Recommended  Practice,  "Dynamic  Response  Testing 
of  Process  Control  Instrumentation,"  RP  26.  1- 1957-Part  I-General 
Recommendations. 

2)  ISA  Tentative  Recommended  Practice,  "Dynamic  Response 
Testing  of  Process  Control  Instrumentation,"  RP  26.  2-1960-Part  2- 
Devlces  with  Pneumatic  Output  Signals. 
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2.6  The  American  National  Standards  Institute 

The  American  National  Standards  Institute  (ANSI)  does  not  develop 
standards  as  the  previously  mentioned  groups  do.  However,  ANSI  does 
publish  a  large  number  of  standards  that  are  Important  to  the  fluidic 
technology.  Some  of  these  are  as  follows: 

1)  ANSI/B93. 2-1971  -  "Glossary  of  Terms  of  Fluid  Power." 

2)  ANSI/B93.14-1971  -  "Methods  of  Presenting  Basic  Performance 

Data  for  Fluidic  Devices." 

3)  ANSI/Y14. 17-1966  -  "Drafting  Practices  fv  r  Fluid  Power 

Diagrams." 

4)  ANSI/Y32. 10-1967  -  "Graphic  Symbols  for  Fluid  Power  Diagrams." 

The  most  Important  of  these,  the  second  one,  has  been  discussed  pre¬ 
viously  In  section  2.2  roc  ling  the  NFPA. 

3.  CONTENTS  OF  FLUIDIC  STANDARDS 


The  military  standard  covering  fluidic  terminology,  MIL-STD-1306A 
(terminology  and  symbology),  Is  available  as  a  symposium  handout,  so 
little  need  be  said  about  It.  As  discussed  previously,  this  standard 
Is  similar  to  the  Industrial  standards  on  the  subject,  but  It  has  been 
more  recently  revised. 

One  Important  distinction  that  the  government  makes  In  Its  stan¬ 
dards  that  Industry  does  not  Is  In  the  use  of  the  term  "fluidic"  to 
refer  to  the  entire  technology  and  the  term  "fluerlc"  to  refer  to  that 
part  of  the  technology  Involving  no  moving  parts.  When  references  to 
fluidic  logic  having  moving  parts  are  made,  It  Is  referred  to  as  moving 
part  logic  or  MPL  and  Is  distinct  from  fluerlc  logic. 

It  should  be  pointed  out  that  the  majority  of  the  fluidic  ter¬ 
minology  standards  refer  specifically  to  the  fluerlc  terminology.  The 
moving  part  terminology,  which  Includes  the  moving  part  logic.  Is  mostly 
drawn  directly  from  the  long  established  and  more  closely  related  fluid 
power  terminology. 

3.2  Symbology 

Symbology,  even  the  nonmilitary  rendition  of  It,  Is  covered  by 
MIL-STD- 1 306A  (terminology  and  symbology)  and  need  not  be  discussed  at 
length.  The  symbols  for  a  considerable  number  of  Huldlc  components, 
especially  sensors,  are  not  covered  by  any  fluidic  symbology  standard, 
and  this  area  needs  attention. 
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An  NFPA  standard  T3. 21. 2-1973  has  been  published  regarding  the 
synfcology  of  MPL.  This  document  bridges  the  material  of  conventional 
hydraullcs/pneumatlc  and  fluerlcs,  and.  as  such.  It  Is  a  very  good 
document.  There  Is  additional  discussion  of  the  contents  of  this  do¬ 
cument  In  section  2.2. 

3.3  Test  Methods 


The  military  standard  that  covers  test  methods  Is  MIL-STD-1361A, 
which  Is  available  with  this  paper.  Parts  of  this  document,  especially 
those  dealing  with  the  quasi-static  tests  of  digital  elements,  have 
been  revised  recently  so  that  It  now  differs  In  format  from  the  SAE 
standard  on  the  subject.  The  old  test  procedures  were  vaguely  categor¬ 
ized,  but  the  test  procedures  In  the  revised  MIL-STD  are  more  clearly 
categorized  with  respect  to  such  details  as  loading  conditions  and  pres¬ 
sures  to  be  used.  The  Individual  Initiating  the  test  Is  still  free  to 
use  whatever  test  procedures  he  would  have  used  previously.  However, 
whatever  he  does  can  be  easily  described  by  referring  to  a  test  category 
or  test  type  In  the  standard.  This  material.  Including  these  detailed 
categories.  Is  not  covered  In  any  other  document. 

3.4  Instrumentation 


Test  Instrumentation  Is  covered  In  MIL-STD-1 361 A  and  In  SAE  ARP 
1254  (revised).  A  small  amount  of  additional  material  regarding  hot 
wire  anemometry  Is  In  SAE's  ARP993A.  In  all  of  these,  the  subject 
matter  Is  limited  since  there  Is  no  Intent  to  Impose  any  specific  In¬ 
strumentation  requirements  or  specify  types  of  Instrunentation. 

3.5  Presentation  of  Element  Characteristics 


The  presentation  of  element  characteristics  Is  covered  In  several 
ways  In  various  documents  and  forms.  The  most  extensive  Is  NFPA  T3.7.3- 
1970  (ANSI/B93. 14-1971 ).  This  document  specifies  the  presentation  of 
descriptive  Information  Including  function,  type,  configuration, 
materials,  external  connections,  operating  limits,  and  steady-state  and 
time-dependent  performance  characteristics.  Particular  formats  are  de¬ 
fined  Including  12  different  kinds  of  quasi -static  Impedance  curves  for 
various  classes  of  elements  and  one  standard  format  for  the  time  response 
data  taken  from  a  dynamic  test  set  up.  Similar  material  Is  also  covered, 
but  less  extensively.  In  the  ARP993A.  To  the  extent  that  data  presen¬ 
tation  requires  standard  terminology  and  test  methods,  this  subject  Is 
also  In  MIL-STD-1 306A  and  MIL-STD-1 361A,  respectively. 

Two  short-form  formats  have  been  specifically  developed  for  the 
concise  presentation  of  fluidic  element  performance  data.  One  format 
used  by  the  military  is  called  a  fluidic  element  fact  sheet.  One  sheet 
may  display  specific  data  from  an  element  operating  with  open  ports,  and 
another  sheet  may  display  data  from  the  same  element  tested  with  blocked 
ports.  The  distinction  will  be  clearly  Indicated  by  referencing  the 
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specific  test  method  used,  as  classified  In  MIL-STD-1361A.  Two  of 
these  fluidic  component  fact  sheets  are  Included  as  appendices.  The 
component  described  on  each  of  these  sheets  Is  the  same,  but  It  has 
been  tested  under  two  dfferent  sets  of  conditions  as  Indicated  on 
the  separate  fact  sheets. 

The  second  short  format  is  defined  In  SAE's  ARP993A;  It  asks  for 
the  same  Information  as  the  military's  fluidic  element  fact  sheet  but 
does  not  require  specific  statements  on  testing  conditions  or  specific 
definitions  of  parameters  such  as  power  gain  or  power  amplification  as 
does  the  military  fact  sheet. 

3.6  Power  Supplies  and  Interface  Devices 

The  SAE  Is  presently  drafting  an  AIR  to  classify  power  supplies 
as  to  source  and  use  and  another  to  classify  devices,  such  as  pilot 
valves  that  Interface  with  fluidic  systems.  These  AIR's  could  even¬ 
tually  be  the  basis  of  more  extensive  documents  or  even  as  standards 
on  power  supplies  and  Interface  characteristics.  In  the  meantime, 
they  will  be  valuable  In  their  own  right  as  Information  Reports  when 
they  are  published. 

4.  NEW  STANDARDIZATION  EFFORTS 

Very  much  of  the  overall  current  American  standardization  effort 
Is  directed  toward  International  standards,  and  so  any  direction  that 
our  fluidic  standards  take  in  the  future  Is  likely  to  be  Imparted  as 
a  result  of  ISO  activity. 

The  ISO  activity  Is  a  result  of  the  Interest  of  Its  working  mem¬ 
bers.  The  subjects  of  most  pressing  Interest  seem  to  be  logic  and 
circuit  diagrams,  terminology,  and  performance  rating  with  emphasis  on 
MPL.  This  area  of  MPL  Is  an  area  where  current  American  standards  are 
few;  therefore,  the  ISO  effort  will  surely  benefit  the  American  tech¬ 
nology.  However,  It  should  be  emphasized  that  the  American  Input  to 
this  fluidic  activity  has  been  Ineffective,  and  so  the  standards  that 
result  may  reflect  very  little  of  the  Interests  of  American  Industry 
or  military.  If  American  Interests  are  to  be  felt,  there  must  be  a 
steady,  continued,  coordinated  effort  put  forth  to  keep  up  with  the 
work  and  to  attend  the  American,  European,  and  Japanese  ISO  working 
group  meetings.  Interested  U.  S.  organizations  and  Individuals  should 
contribute;  otherwise,  the  United  States  will  have  little  effect  on 
International  fluidic  standards  no  matter  how  good  or  how  widely  used 
our  own  differing  standards  may  be. 

Along  with  the  International  Influence,  advances  In  technology 
will  continue  to  Influence  the  future  standards  effort.  For  example, 
some  recent  work  has  been  done  to  define  the  effects  of  power  supply 
contamination  on  fluidic  reliability.  As  this  type  of  knowledge 
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accumulates,  It  Is  reasonable  to  expect  that  It  will  Influence  design 
parameters  for  the  system  power  supplies,  possibly  Including  the  op¬ 
erating  pressures.  The  final  outcome  might  be  parts  Interchange- 
ability,  both  operationally  and  physically.  However,  as  desirable  as 
this  might  be  for  the  user,  It  does  not  appear  possible  until  much 
;»re  technical  ground  work  Is  done. 

5.  USE  OF  FLUIDIC  STANDARDS 

Whether  a  document  Is  good  because  it  Is  used,  or  used  because 
It  Is  good.  Is  difficult  to  answer.  But  some  documents  seem  to  enjoy 
greater  acceptance  than  others.  The  terminology  and  symbology  which 
is  used  within  the  fluidic  technology  Is  fairly  uniform  and  consistent 
with  the  standards.  (There  are  notable  exceptions:  one  major  manu¬ 
facturer  of  fluidic  components  uses  the  electronic  pin  notation  for 
the  port  designations  of  Its  flueric  elements  In  conflict  with  all  the 
relevant  standards  and  In  conflict  with  the  general  practice,  and 
another  uses  complete  electronic  logic  symbology  for  its  circuit 
diagrams.) 

When  different  standards  call  for  opposing  practices,  then  no 
particular  practice  will  prevail.  The  matter  of  units  is  an  example. 
The  SAE  standards  call  for  the  US  Customary  units,  and  the  military 
standards  call  for  SI  units.  The  prevailing  practice  is  a  mixture. 

This  author  prefers  the  SI  because  of  Its  relative  logic,  simplicity, 
and  life  expectancy.  However,  even  among  users  of  the  SI  units,  exact 
details  sometimes  result  in  differences.  For  example,  the  basic  unit 
of  pressure  in  SI  Is  "N/m  ."  Various  multiples  of  this  unit  have  been 
named  "bars"  and  "pascals."  Both  are  allowed  In  SI.  The  military 
chooses  to  use  "pascals,"  and  the  fluid  power  Industry  chooses  "bars" 
as  worklnc  units.  In  this  case,  this  author  has  a  personal  preference 
for  the  basic  units;  that  Is,  "N/nT"  at  least  until  the  difference  In 
use  Is  worked  out. 

It  seems  to  this  author  that  the  most  Important  fluidic  standards 
are  the  two  military  standards,  the  data  presentation  standard,  and 
the  MPL  symbols  standard  of  the  NFPA.  For  a  person  wanting  to  cover 
the  entire  field,  the  NFPA  publication  Fluid  Power  Standards  and  the 
two  military  standards  as  well  as  the  two  yet  to  be  released  SAE  AIR 1 s 
on  power  supplies  and  Interfaces  should  form  a  very  adequate  library. 

6.  CONCLUSIONS 

The  American  fluidic  technology  has  been  guided  by  several  stan¬ 
dards  that  have  been  developed  and  accepted  by  our  industry  and  mili¬ 
tary  servi;es.  These  deal  with  terminology,  symbology,  data  collec¬ 
tion,  and  presentation.  An  adequate  library  of  the  current  standards 
would  con, 1st  of  the  MIL-STD-1 306A  Flueric  Terminology  and  Symbology, 
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MIL-STD-1361A  Fluidic  Test  Methods  and  Instrumentation,  and  the  NFPA 
publication  Fluid  Power  Standards  (third  edition).  As  the  technology 
develops,  so  does  Us  standards,  and  future  work  might  be  expected  In 
the  MPL  area,  parts  Interchangeability,  power  supply  classifications 
and,  of  course.  In  the  area  of  the  SI. 
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FLUIDICS  STANDARDS  AND  PRACTICES  -  THE  USE  OF  MILITARY  DOCUMENTATION  IN 
THE  DEVELOPMENT  OF  FLUljDIC  SYSTEMS  AND  EQUIPMENT 

_ _Ha rol d_  Ott_ _of_ _t_h_e_ _Na_va_l_  A_ir_  Engineering  _C_e_n_C_e_r_ _ 

INTRODUCTION 

The  Defense  Standardization  Program  requires  the  achievement  of  the  highest 
practicable  degree  In  the  stand  irdizat ion  of  Items  and  practices, 
applicable  thereto,  used  througnout  the  Department  of  Defense  (DoD) .  In 
order  to  provide  adequate  documentation  to  control  the  procurement  and 
application  of  fluidic  devices,  the  Military  Services,  under  the  Defense 
Standardlzat ion  Program,  are  developing  a  series  of  coordinated  standards, 
handbooks,  and  specifications.  Inclusion  of  a  general  specification  and 
detail  specifications  will  provide  uniform  design  criteria  and  visibility 
for  those  fluidic  devices  experiencing  broad  acceptance.  The  services 
will  encourage  system  or  equipment  design  optimization  without  constrain¬ 
ing  system  designers.  They  will  seek  achievement  of  maximum  potential 
benefits  offered  by  the  use  of  fluidics  and  encourage  its  application 
in  military  systems  and  equipment.  The  intent  of  this  paper  is  to 
define  the  DoD  Standardization  Program  and  ito  effort  to  provide  the 
military  with  a  means  for  procurement  and  application  of  standardized 
fluidics  devices  and  systems.  It  is  requested  that  the  reader  refer  to 
the  appendices  for  further  details  on  the  procedures  for  obtaining 
documents  referred  to  in  this  paper. 

DISCUSSION 

The  Defense  Standardization  Program  (Sec.  2451-2456),  Title  10,  United 
States  Code,  superseding  Public  law  436,  82nd  Congress,  requires  the 
achievement  of  the  highest  practicable  degree  of  standardization  of 
items  and  practices  applicable  thereto  as  used  throughout  the  Department 
of  Defense.  This  program  is  implemented  by  DoD  Directive  4120.3,  by 
other  DoD  directives  and  Instructions,  and  Defense  Standardization 
Manual  4120.  3-M. 

4120. 3-M  vas  developed  and  is  maintained  in  cooperation  with  the  Depart¬ 
ments  of  the  Army,  Navy,  Air  Force,  and  the  Defense  Supply  Agency,  in 
accordance  with  DoD  Directive  4120.3.  It  is  mandatory  for  use  by  all 
defense  activities. 

The  Assistant  Secretary  of  Defense  for  Installations  and  Logistics  OASD 
(I&L)  is  responsible  for  standardization  policy  guidance  and  administra¬ 
tion.  This  responsibility  includes  establishment  of  policies,  procedures, 
program  guidance  and  reporting,  and  surveillance  techniques  for  control 
and  evaluation  of  program  accomplishments.  The  program  is  decentralized, 
as  necessary,  with  assignment  of  responsibilities  to  the  Military 
Services  with  authority  to  further  delegate  portions  of  the  operations 
to  military  activities. 
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In  order  to  illustrate  the  development  of  the  fluidics  standardization 
program,  the  DoD  policy  governing  microelectronics  (a  similar  and  relatively 
new  technology)  will  be  utilized  in  this  paper  to  measure  current 
progress  in  fluidics. 

Early  memoranda  relating  to  the  application  of  microelectronics,  dated 
8  Apr  1963  and  28  Jun  1965,  were  updated  by  an  Office  of  the  Secretary  of 
Defense  policy  memorandum  dated  14  Apr  1967.  This  memorandum  specifically 
related  microelectronics  to  design  applications .specifications  and 
standardization,  procurement,  maintenance  and  logistics  support.  If  the 
reader  will  substitute  "fluidics"  for  "microelectronics"  in  the 
following  quotas  from  this  memorandum,  the  objectives  of  the  fluidics 
standardization  program  can  be  visualized. 

"An  ultimate  objective  in  the  area  of  military  electronics  is  to  provide 
equipment  which  satisfactorily  fulfills  the  military  need  with  a  high 
probability  of  no  failure  for  the  entire  lifetime  of  the  equipment  or 
system.  The  higher  the  equipment  reliability,  the  higher  becomes  this 
probability  and  the  simpler  becomes  the  logistic  support  problem.  The 
considerable  improvement  in  reliability  offered  by  microelectronics,  the 
savings  in  space  and  weight  and  potential  cost  reduction  make  it  most 
desirable  to  promote  the  widest  possible  appropriate  use  of  microelectronics 
in  military  systems.  Further,  the  reliability  of  microelectronics 
circuits  is  sufficiently  high  to  warrant  packaging  of  several,  or  even  many, 
such  circuits  into  modules  for  which  repair  is  neither  practical  nor 
effective.  Such  design  modules,  to  be  discarded  upon  failure,  would  reduce 
logistic  support  costs  and  further  improve  reliability." 

To  maximize  the  potential  benefits  offered  by  microelectronics,  DoD  policy 
was  outlined  for  the  following  areas : 

1.  Application  of  Microelectronics  to  Military  Systems  and  Equipment 

2.  Use  of  Unitized  or  Modular  Construction 

3.  Maintenance  and  Logistic  Support 

4.  Inter-System  Standardization 

5.  Intra-System  Standardization 

6.  Documentation 

After  a  review  of  this  policy,  on  23  September  1969 ,  documentation  in 
Section  6  was  expanded  to  permit  the  issuance  of  a  general  specification 
and  detail  specifications  as  follows: 
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6.  Documentation 


"Standardization  documentation  of  microelectronics ^411  be  restricted 
at  this  time  to  the  areas  oft  (a)  definition  of  terms;  (b)  parameters 
to  be  controlled  for  circuit  characterization;  (c)  test  levels  including 
test  methods  and  procedures;  (d)  general  application  guidance,  design 
criteria;  (e)  preservation  and  packaging  guidance;  and  (f)  a  general 
specification  and  detail  specifications.  Standardization,  via  the 
publication  of  Military  Standards  (MIL-STDfc)  ,  or  equivalent  lists,  depicting 
devices  as  standard  for  new  design  is  prohibited. 

"The  expansion  of  the  standardization  documentation  to  include  a 
microelectronics  general  specification  is  intended  to  provide  a  set  of 
basic  design  and  test  criteria  (excluding  physical  characteristics)  from 
which  device  specifications  can  be  prepared.  If  it  is  necessary  for  DoD 
components  to  specify,  prior  to  design,  performance  or  physical  charac¬ 
teristics  of  microelectronic  circuits  or  modules  for  specific  systems 
or  equipment,  such  requirements  will  be  included  in  the  system  or 
equipment  specification,  and  not  as  a  device  specification  prepared  by  the 
DoD  component.  Contractor-prepared  device  specifications  reflecting 
these  requirements  and  tailored  to  the  specific  system  or  equipment  will 
utilize  to  the  extent  applicable  the  general  specification  and,  to  the 
degree  practicable,  be  prepared  in  military  format  to  facilitate  logistics 
support  and  competitive  reprocurement.  Military  detail  specifications 
for  microelectronic  devices  will  be  prepared  as  ancillary  documents  to 
the  general  specification  so  as  to  provide  visibility  to  those  devices 
having  achieved  broad  acceptance." 

Implementing  the  policy  of  the  DoD  memorandum,  a  Secretary  of  the  Navy 
Instruction  established  Navy  policy  governing  the  use  of  military 
documentation  in  the  development  of  microelectronic  systems  and  equipment. 
Similarly,  a  Naval  Air  Instruction  was  proposed  to  establish  Naval  Air 
Systems  Concnand  policy. 

Suppose  that  *  hypothetical  Naval  Air  Systems  Command  Instruction  on 
policy  governing  the  use  of  military  documentation  in  the  development  of 
fluidic  systems  and  equipment  were  written.  The  main  portion  would 
probably  read  something  like  this: 

"1.  Background.  SECNAVINST  XXXX  contains  current  Navy  policy  on 
fluidics.  It  requires  that  all  projects  being  initiated  in  various 
Research  and  Development  categories  be  reviewed  to  ensure  appropriate 
consideration  of  the  use  of  fluidics.  The  policy  is  not  intended  arbitrarily 
to  require  the  use  of  fluidics;  rather,  it  directs  an  objective  appraisal 
of  all  factors  concerning  the  system/equipment  design  relative  to  current 
fluidics  technology  with  the  view  of  maximizing  reliability  and  minimizing 
total  cost  of  ownership,  weight  and  space  within  the  envelope  of  the  other 
performance  parameters  of  the  design. 
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a.  Based  upon  the  considerable  improvement  in  reliability  offered 

by  fluidics,  SECNAVINST  XXXX  also  requires  the  design  of  modular  assemblies 
that  can  be  economically  discarded  upon  failure  and,  ultimately,  the 
design  of  equipment  capable  of  logistic  self-support. 

b.  Experience  over  the  past  several  years  has  shown  that,  while 
fluidic  devices  are  inherently  reliable,  the  standard  commercial  product 
lines  offered  by  device  vendors  may  not  normally  meet  military  reliability 
requirements.  The  manufacture  of  fluidic  devices  requires  more  rigorous 
control  than  that  required  for  most  other  hydraulic  or  pneumatic  parts . 
These  controls  include: 

(1)  Extremely  close  tolerances  in  device  design. 

(2)  Control  of  complex  processing  steps. 

(3)  Use  of  precision  test  equipment  . 

(4)  Rigid  contamination  control  &  workmanship  standards. 

c.  In  addition,  the  fluidic  state-of-the-art  changes  rapidly.  It  is 
not  unccnmon  that  the  cost,  size  and  performance  advantages  of  newly- 
developed  fluidic  devices  are  sufficient  to  motivate  the  choice  of  these 
devices  even  when  comprehensive  control  documentation  is  not  available, 
and  cannot  be  readily  developed.  This  tends  to  introduce  a  variety  of  more 
complex  and  relatively  unproven  devices  into  developmental  hardware. 
Potentially,  these  devices  mayexhibit  failure  modes  and  mechanisms 

which  are  not  yet  fully  controlled  by  the  manufacturer. 

d.  Failure  inodes  in  fluidic  devices  may  tend  to  be  "catastrophic,” 
as  opposed  to  "degrading,"  and,  in  addition,  the  failures  tend  to  appear 
early  in  the  operation  of  the  devices.  Hence,  it  has  been  found  that 
screening  and  other  test  programs,  including  visual  examination  and 
environmental  stress,  and  run-in,  can  effectively  identify  the  major 
catastrophic  failures  related  to  bonding  and  sealing,  and  to  various 
processing  and  workmanship  errors.  Thus,  early-life  failures  may  be 
removed  from  the  lot  under  test. 

?.  In  an  effort  to  provide  adequate  documentation  to  control  the 
procurement  and  application  of  fluidic  devices,  the  Military  Services, 
under  the  Defense  Standardization  Program,  have  developed  a  series  of 
coordinated  specifications,  standards  and  handbooks. 

2.  Policy.  It  is  the  policy  of  NAVAIR  that  the  following  documents  shall 
be  invoked  when  initiating  system/equipment  projects  where  fluidic 
devices  will  be  used  in  the  subsequent  development  efforts. 
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a.  HIL-F-XXXX  Fluidic  Circuits,  General  Specification  For.  This 
specification  establishes  the  general  requirements,  and  the  quality  and 
reliability  assurance  requirements  which  must  be  net  in  the  procurement  of 
fluidic  circuits.  Options  for  various  levels  of  product  assurance  and 
control  are  established  in  the  specification.  The  specification  provides 
for  individual  item  requirements  for  fluidic  circuits  to  be  documented  in 
detail  specifications,  and  establishes  a  qualified  products  list  and 

a  manufacturer's  product  assurance  program.  The  specification  references 
and  specifies  the  use  of  MIL-STD-1361,  Fluidics  Test  Methods  and 
Instrumentation;  MIL-STD-1306 ,  Fluidics  Terminology  and  Symbols;  MIL-STD-XXXX 
Parameters  to  be  Controlled  for  the  Specification  of  Fluidic  Circuits; 
and  MIL-F-XXXX,  Fluidic  Circuits;  Ifcckaging  of. 

b.  HIL-HDBK-XXX  Fluidics  and  Fluidic  Integrated  Circuits.  This 
document  provides  general  information  on  fluidic  devices  and 
their  applications.  It  contains  valuable  guidance  to  personnel 
concerned  with  the  design,  development,  and  production  of  equipment  ar.d 
systems  employing  fluidic  circuits. 

c.  AR-XXX,  Fluidic  Devices  Used  in  Military  Equipment,  Procedures 
for  Selection  and  Approval  of:  This  specification  establishes  requirements 
for  the  selection,  approval  and  demonstration  of  the  interchangeability 
of  two  or  more  fluidic  devices. 

3.  Related  Information.  The  Naval  Material  Command  has  issued  a  Navy 
System  Design  Guidelines  Manual  for  Fluidic  Packaging.  HPackaging"in  this 
sense  refers  to  the  fluidic  organization  and  mechanical  construction  of 
fluidic  equipment,  ranging  from  circuit  boards  and  modular  assemblies, 
through  large  enclosures.  The  manual  contains  a  selection  of  fluidic 
packaging  approaches  developed  under  the  direction  of  Navy  facilities, 
reflecting  the  results  of  extensive  development  efforts  conditioned  by 
experience  gained  in  solving  packaging  problems  for  complex  Navy  systems. 

The  module  and  circuit  board  configurations  contained  in  the  manual  are 
suitable  for  the  assembly  and  interconnection  of  fluidic  circuits.  To 
reduce  proliferation  of  a  large  variety  of  packaging  concepts,  it  is 
recommended  that  the  packaging  approaches  contained  in  this  manual  be 
used  whenever  appropriate,  with  the  ultimate  decision  as  to  suitability 
resting  with  the  organization  responsible  for  the  equipment,  development." 


SPECIFICATIONS 

At  the  time  of  this  writing,  only  MIL-STD-1306,  "Fluerics  Terminology 
and  Symbols"  and  MIL-STD-1361,  "Fluidics  Test  Methods  and  Instrumentation," 
have  been  issued  and  a  MIL  Handbook  is  being  written.  The  general 
specification  will  probably  be  the  next  item  of  documentation  to  be 
considered. 
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Fluidic  circuit  designers  should  appreciate  that  the  Department  of 
Defense  (DoD)  fluidic  specifications  are  primarily  procurement  specifica¬ 
tions  and  are  not  design  specifications  for  application  and  system  design. 
Moreover,  as  stated  in  MIL-STD-143,  it  is  the  designer's  responsibility 
to  see  that  equipment  sold  to  the  Government  operates  properly  and 
reliably.  Furthermore,  the  use  of  Military  Standards  (MS)  or  specifica¬ 
tion  parts  is  no  guarantee  of  Government  acceptance.  Although  the  use 
of  Government  QPL'd  fluidic  devices  is  highly  desirable  to  the  Government 
for  logistics  purposes,  including  replacements,  their  use  is  also 
desirable  and  encouraged  because  the  QPL'd  items  provide  a  means  for 
contractors  to  obtain  uniform  parts  from  one  or  more  manufacturers 
regardless  of  the  size  of  the  contractor.  With  the  Government  adminis¬ 
tering  the  QPL,  contractors,  regardless  of  their  economic  impact,  are 
spared  the  necessity  of  testing  each  and  every  lot  of  devices  for 
environmental  and  other  expensive  tests.  However,  the  devices  must  be 
technically  suitable  for  each  application  and  circuit,  no  matter  how 
attractive  it  might  be  to  standardize  on  a  limited  few  devices 
throughout  the  equipment. 

To  illustrate  how  a  fully  coordinated  (FC)  specification  is  generated 
and  controlled,  refer  to  Figure  1  together  with,  for  example,  MIL-F-XXXX, 
because  no  specification  has  been  issued.  OASD  (I&L)  is  shown  at  the  top 
of  the  organization  chart  of  the  DoD  standardization  program.  The 
Federal  Supply  Classification  (FSC)  of  fluidics  is  1650.  Standardization 
Directory  SD-1  lists  ESSD  as  Assignee  Activity  of  FSC  1650.  ESSD  is  the 
Engineering  Specifications  and  Standards  Department  of  the  Naval  Air 
Systems  Command.  The  Assignee  Activity's  function,  Paragraph  1-307  of 
4120. 3-M,  is  essentially,  to  assign  project  numbers  for  new  documents, 
revisions,  or  amendments,  to  determine  that  there  is  no  duplication  of 
effort,  and  finally  to  check  on  a  standardization  project's  progress 
from  inception  to  completion. 

In  Figure  1,  note  the  agency  labeled  "Preparing  Activity."  The  agency 
responsible  for  preparing  and  maintaining  a  document  is  labeled  the 
preparing  activity  (PA).  For  example,  the  PA  for  MIL-F-XXXX  is  Naval  Air 
Systems  Command.  The  address  of  the  PA  is  pre-addressed  on  DD  Form  1426, 
"Standardization  Document  Improvement  Proposal."  DD  Form  1426  is  attached 
as  the  last  page  of  every  Military  Specification  and  is  for  the 
convenience  of  anyone  who  has  an  interest  in  the  Standardization  Document 
to  submit  his  comments  on  any  problems  with  the  document  at  any  time.  The 
PA's  function  is  to  analyze  each  problem  for  its  validity,  and  to  take 
steps  to  amend  or  revise  the  document  as  applicable.  On  a  fully  coordinated 
specification  it  is  required  that  proposed  revisions  or  amendments  be 
circulated  to  all  interested  Military  and  Industry  activities  for  concurrence 
or  comments.  In  the  case  of  fluidics  such  as  MIL-F-XXXX,  circulation  is 
as  shown  on  the  organization  chart  Figure  1.  Generally  speaking,  it  is 
difficult  to  obtain  full  concurrence  on  any  proposal.  Usually  the  final 
document  is  a  result  of  give-and-take  consistent  with  the  needs  of  DoD. 

All  of  the  activities  play  their  individual  role  in  the  DoD  standardization 
effort.  A  partial  listing  of  addressees  and  functions  is  shown  in  the 
Appendix  to  this  paper,  and  a  complete  listing  is  shown  in  SD-1. 
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Another  type  of  specification  in  the  sy3tem  is  called  a  limited 
coordinated  (LC)  specification.  For  example,  a  specification  on  a 
specialized  fluidic  device  or  system  may  be  of  interest  only  to  the 
Naval  Air  Systems  Command  (AS).  The  organization  chart  for  a  hypothetical 
MIL-F-XXXX  (AS)  is  shewn  on  Figure  2.  An  LC  document  has  the  advantage 
that  coordination  can  be  effected  more  quickly,  but  has  the  obvious  dis¬ 
advantage  that  its  usage  is  limited  in  scope.  Both  LC  and  fully 
coordinated  documents  are  necessary  in  the  DoD  standardization  effort. 

Specifications  are  procurement  documents  and  are  not  meant  to  be  used  for 
design  purposes.  A  specification  is  a  general  document  and  is  usually 
supplemented  by  detail  sheets.  These  detail  sheets  take  two  forms  in  the 
military  system.  One  type  is  called  specification  "Slash  Sheets*  and  take 
the  same  number  as  the  general  specification  followed  by  a  slash  number, 
for  example,  MIL-F-XXXX/X.  Another  type,  called  military  standard  sheets, 
have  been  used  in  the  past.  They  are  usually  referred  to  as  MS  sheets. 

An  example  would  be  MSXXXX.  By  order  of  OASD,  MS  sheets  are  to  be  phased 
out  and  replaced  by  slash  sheets  whenever  possible. 

In  addition  to  specifications,  slash  sheets,  and  MS  sheets,  DoD 
standardization  departments  also  prepare  book-form  standards  (MIL-STDs) , 
handbooks,  publications  and  other  documents.  These  aforementioned 
documents  supplement  Military  Specifications. 

A  complete  list  of  Militaiyand  Federal  documents  can  be  found  in  DoD 
Index  of  Specifications  and  Standards  (DODISS) .  The  appendix  goes  into 
more  detail  on  how  to  order  publications  such  as  DODISS,  and  outlines 
"A  guide  to  private  industry"  which  we  hope  will  prove  helpful  in 
untangling  some  of  the  problems  Industry  faces  with  the  DoD  standardization 
effort. 


BEWARE  OF  "SPECMANSHIP" 

In  spite  of  the  aforementioned  document  standardization  system  the  military 
has  been  confronted  in  the  past  by  widescale  misuse  of  specifications 
in  certain  areas  which  may  result  for  example,  in  the  misapplication  of 
devices.  A  continuing  effort  is  being  expended  via  the  DoD  standardization 
effort  to  alert  users  to  avoid  misapplications. 

The  potential  buyer  of  fluidic  devices  should  beware  of  the  manufacturer 
who  implies  capabilities  the  device  does  not  possess  under  actual  service 
conditions.  Following  are  some  typical  phrases  from  catalog  sheets  and  other 
promotional  material  for  other  devices.  In  parentheses  are  the  pitfalls  to 
watch  for  when  reading  Buch  promotional  material. 

1.  Promotional  material  claims  "Military  Specification  Device"  without 
having  a  single  type  on  the  Government's  Qualified  Products  List  (QPL) . 

(This  claim  plays  on  the  erroneous  assumption  that  "military  specification" 
devices  have  supernatural  capabilities) . 
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2.  Promotional  material  claims  "Meets  MIL-X-XXXX"  (Without  QPL  Status). 

2A.  Promotional  material  claims  "Meets  all  MIL-X-XXXX  requirements." 

(No  substantiating  data  are  offered.) 

3.  Promotional  material  claims  "Meets  all  applicable  portions  of  MIL- 
E-XXXX"  (MIL-E-XXXX  is  not  a  device  specification  but  is  an  environmental 
specification  and  the  so-called  applicable  portions  are  not  listed.  In 
other  words,  sounds  good  but  says  nothing.) 

4.  Promotional  material  assumes  that  the  user  knows  fluidic  devices 
and  will  apply  them  correctly,  (e.g..  Use  jargon  of  Industry  without 
indicating  to  potential  user  where  he  may  obtain  additional  Information 
such  as  a  military  standard  on  application  and  selection.) 

5.  Potential  supplier  responds  to  a  customer's  new  device  specification 
immediately  with  price  and  delivery  data.  (You  know  the  customer  is 
going  to  get  what  you  are  producing  so  never  mind  taking  exceptions  to 
any  unusual  requirements  the  customer  may  have  included.) 

NON-STANDARD  PARTS 

It  is  Incumbent  on  the  equipment  designer  to  obtain  approval  of  all 
nonstandard  parts  by  the  procuring  agency.  Naturally,  if  a  military 
standard  part  is  technically  suitable  and  is  used  rather  than  a  non¬ 
standard  part,  a  lot  of  time  and  money  can  be  saved. 

CONCLUSION 

It  is  hoped  that  this  paper,  supplemented  by  the  appendix,  yields  some 
Insight  on  how  the  DoD  Standardization  effort  serves  the  military  and 
industry,  and  what  military  specifications  and  standards  can  do  for 
you,  and  what  they  can't. 
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APPENDIX  I 

EXCERPTS  FROM  4ND-NPFC-4120/3 


These  excerpts  are  for  the  convenience  of  the  readers  of  this  paper, 
and  explain  in  more  detail  some  of  the  abbreviations  and  terms  used 
in  the  body  of  the  paper. 

The  pamphlet,  in  its  entirety,  is  available  from  Naval  Publications  and 
Forms  Center,  5801  Tabor  Avenue,  Philadelphia,  Pa.  19120. 

The  title  of  the  pamphlet  is  "DEPARTMENT  OF  DEFENSE  SINGLE  STOCK  POINT 
( DOD-SSP)  FOR  SPECIFICATIONS  AND  STANDARDS.  A  GUIDE  FOR  PRIVATE  INDUSTRY" 

Types  of  Documents  Stocked  and 
Distributed 

Military  Specifications 
Military  Specification  Sheets 
Military  Standards  (MS's)  Sheets 
Military  Standards  (MIL-STD's)  Book  Format 
Qualified  Products  Lists  (QPL's) 

Industry  Documents  adopted  for  use  by  DoD 
Military  Handbooks 

Air  Force  -  Navy  Aeronautical  Standards 

Air  Force  -  Navy  Aeronautical  Design  Standards 


DODISS 

The  Department  of  Defense  Index  4..  Specifications  and  Standards 
(DODISS)  is  prepared  at  NPFC  and  is  published  in  three  parts  annually  with 
bi-monthly  supplements. 

The  three  parts  are  the  alphabetic  listing  (Part  I) ,  the  numeric 
listing  (Part  II) ,  and  the  Federal  Supply  Classification  (FSC)  listings 
of  the  following  unclassified  documents 

Military  Specifications 
Federal  Specifications 
Qualified  Products  List  (QPL's) 

Military  Handbooks 

Air  Force  &  Navy  Aeronautical  Design  Standards 

U.  S.  Air  Force  Specifications 

Air  Force  fi  Navy  Aeronautical  Bulletins 

Military  Standards  (MS's)  Sheets 

Military  Standards  (MIL-STD's)  Book  Format 

Industry  Documents 

Air  Force  &  Navy  Aeronautical  Specifications 
Other  Departmental  Documents 
U.  S.  Air  Force  Specification  Bulletins 
Cancellation  Lists 
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Parts  I  and  II  of  the  DODISS  are  available  to  private  industry  on  request 
from  the  Superintendent  of  Documents,  Government  Printing  Office, 

Washington,  DC  20402,  at  a  subscription  rate  of  $36.00  per  year  ($9.00 
additional  for  foreign  mailing).  The  Federal  Supply  Classification  Listing 
is  available  from  the  Superintendent  of  Documents  at  a  subscription  rate  of 
$18.00  per  year  ($4.50  additional  for  foreign  mailing).  Both  subscriptions 
include  the  basic  index  and  the  cumulative  bi-monthly  supplements  for  each 
part  as  they  are  published. 

The  triennial  cancelled  documents  append  t  for  Part  II,  numerical  listing 
is  available  as  a  single  sales  item  at  $2.00  per  copy  (63  cents 
additional  for  foreign  mailing) . 

To  submit  a  complaint  or  to  make  an  inquiry  by  correspondence,  write 
to: 

Commanding  Officer  (Code  512) 

Naval  Publications  and  Forms  Center 
5801  Tabor  Avenue 
Philadelphia,  Pa.  19120 

To  submit  a  complaint  or  to  make  an  inquiry  by  telephone  call 
AREA  CODE  215,  697-2179. 
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APPENDIX  II 


4120. 3M  Defense  Standardization  Manual  (4120. 3M  DSM)  is  a  compilation 
of  Defense  Standardization  Policies,  Procedures,  and  Instructions.  It 
is  a  relatively  lengthy  and  involved  publication  and  is  probably  of  value 
only  to  those  directly  involved  in  the  Standardization  line  of  work.  However 
for  those  of  you  who  may  be  interested,  DOD  4120. 3M  DSM  is  available  from 

Superintendent  of  Documents 
OS  Government  Printing  Office 
Washington,  DC  20402 
Price  -  $2.50 

Hie  following  terms  which  were  used  in  the  text  are  gleaned  directly 
from  DSM  4120. 3M 

1-101  ACTIVITY.  One  of  the  organizational  elements  of  the  Army,  Navy, 

Air  Force,  Defense  Supply  Agency,  US  Marine  Corps,  Coast  Guard 
and  other  activities  of  the  Department  of  Defense. 

I-1 06  ACTIVITY,  Preparing.  The  military  activity  or  the  activity  in  a 
Federal  civil  agency  (for  Federal  documents  only)  responsible  for 
document  and  study  projects  and  for  maintenance  of  the  resultant 
standardization  documents. 

1-107  ACTIVITY,  Review.  An  activity  having  Departmental,  Service,  Agency 
responsibility  for  the  design,  configuration  or  application  of  an 
item  (s),  material(s)  or  process(es)  and  which,  for  these  reasons,  has 
an  essential  technical  interest  in  the  covering  document  that  is  not 
susceptible  to  waiver,  thus  requiring  a  review  of  all  proposed  actions 
affecting  the  document.  Defense  Supply  Centers  may  declare  review 
interest  in  standardization  documents  covering  items  for  which  they 
have  procurement,  inspection  and  supply  responsibilities  and  in  those 
instances  wherein  advance  knowledge  and  review  of  documents  is  necessary 
to  assure  procurability  (including  such  factors  as  industrial  capability, 
economics,  and  inspection)  ,  of  the  described  items  to  the  specified 
requirements.  Essential  comments  submitted  in  this  capacity  will 
be  limited  to  the  functional  areas  for  which  Defense  Supply  Agency 
(DSA)  has  mission  responsibility  in  management  of  the  items.  The 
decision  to  be,  or  not  to  Le,  a  review  activity  will  be  made  by  the 
Defense  Supply  Center  concerned. 

1-108  ACTIVITY,  User.  An  activity  having  Departmental,  Service,  or  Agency 

responsibility  for  using  a  standardization  document  to  acquire  the  item(s) , 
material(s)  or  process (es)  covered  thereby,  but  whose  interest  is  not 
sufficient  to  require  active  participation  in  the  coordination  of  the 
document. 


1-111  AGENT.  An  activity  which  acts  for,  and  by  authority  of  the  Preparing 
Activity  (the  Preparing  Activity,  however  does  not  relinquish  approval 
responsibility  for  the  work  accomplished).  Examples  of  agent  actions 
are:  Preparation  of  standardization  documents;  performance  of 
study  projects;  and  administration  of  qualified  Products  Lists 
(QPL's). 

1-121  CUSTODIAN.  The  activity  responsible  for  effecting  coordination 
and  other  related  functions  for  its  own  department  in  the  DoD. 

1-147.  QUALIFIED  PRODUCTS  LIST.  A  list  of  products  qualified  under  the 
requirements  stated  in  the  applicable  specification,  including 
appropriate  product  identification  and  test  reference  with  the  name 
and  plant  address  of  the  manufacturer  and  distributor,  as  applicable. 
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INTRODUCTION 


Contamination  effects  in  fluidic  devices  have  been  of  concern  for 
some  time,,  however  until  recently  little  effort  has  been  devoted  to  a 
detailed  evaluation  of  such  effects.  (1)*  Although  significant  contami¬ 
nation  effects  can  be  minimized  in  many  circuits  by  proper  filtration 
and  design  of  enclosures  (2),  a  thorough  investigation  is  necessary  be¬ 
fore  the  long  term  reliability  of  fluidic  systems  can  be  adequately 
specified.  The  Initiation  of  an  extensive  investigation  of  contamination 
effects  on  system  reliability  has  been  reported  by  Westerman  (3). 

A  purpose  of  this  Investigation  is  to  determine  the  manner  in 
which  contamination  deposits  accumulate  in  a  particular  device  and  to 
relate  the  nature  and  location  of  the  deposits  to  degradation  in  per¬ 
formance.  The  primary  purpose  is  to  determine  the  geometric  changes 
necessary  to  minimize  contaminant  buildup  in  sensitive  regions  of  the 
amplifier. 


EXPERIMENTAL  PROCEDURE 


The  device  which  was  chosen  for  this  investigation  was  a  laminar 
proportional  amplifier  of  the  type  described  by  Manion  and  Mon  (4). 

Figure  1  shows  the  geometry  of  the  amplifier  that  was  used.  The  normal 
size  devices  have  a  nozzle  width  of  0.5  mm  and  aspect  ratios  from  1/4  to 
1.  The  model  used  for  this  investigation  was  four  times  normal  size 
with  a  nozzle  width  of  2.0  mm.  An  experimental  system  was  developed  to 
supply  contaminated  air  to  the  power  nozzle  of  the  test  model.  Figure  2 
is  a  schematic  of  the  system  used. 

The  most  difficult  problems  encountered  in  the  development  of  the 
apparatus  was  the  need  to  introduce  the  contaminants  at  a  known  rate. 

Oil  and  solid  particles  were  used  to  contaminate  the  air  supply  so  two 
supply  techniques  were  required. 

The  oil  was  Introduced  as  a  vapor  by  simply  passing  a  portion  of  the 
supply  air  through  a  flask  in  which  oil  was  kept  hot  by  an  electric 
heater.  Only  about  one-third  of  the  total  air  supplied  passed  through 
the  oil  flask.  The  length  of  the  lines  and  the  size  of  the  mixing 
chamber  were  such  that  no  significant  temperature  rise  was  encountered 
and  the  air  supply  entering  the  model  could  be  kept  at  room  temperature. 
The  rate  of  oil  introduction  was  determined  by  measuring  the  change  in 
weight  of  the  flask. 

The  introduction  of  the  particles  was  accomplished  by  using  an  S.S. 
White  Industrial  Airbrasive  Unit.  This  device  uses  a  high-velocity  jet 
containing  abrasive  particles  to  perform  cutting  operations.  The  unit 
contains  a  system  for  mixing  air  and  small  particles  in  an  adjustable 
ratio.  A  typical  nozzle  supplied  with  the  unit  was  modified  to  produce 


Numbers  in  parentheses  refer  to  items  listed  in  the  reference 
section. 
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a  low  velocity  Jet  and  the  particle  regulator  was  calibrated  so  that  the 
flow  rate  of  particles  could  be  set  at  a  desired  rate.  The  flow  from 
the  Alrbrasive  Unit  was  mixed  with  the  oil  laden  air  in  the  mixing 
chamber  which  supplied  the  test  model. 

The  effects  of  contamination  were  determined  by  monitoring  the  pres¬ 
sure  gain  of  the  amplifier.  The  input  and  output  pressures  were  measured 
with  transducers  and  the  outputs  of  the  Instrumentation  were  used  to 
drive  an  x-y  plotter.  The  input  was  driven  from  only  one  side  while 
applying  both  positive  and  negative  pressures  to  cover  the  entire  dynamic 
range  of  the  amplifier.  Although  this  procedure  causes  some  nonlinearity 
in  the  gain  curve  due  to  the  changing  level  it  was  considered  satis¬ 
factory  since  we  were  concerned  primarily  with  changes  in  performance. 


The  tests  were  all  conducted  with  a  constant  pressure  which  resulted 
in  a  Reynolds  number  of  975  in  the  clean  amplifier.  The  Reynolds  number 
is  based  upon  the  average  power  nozzle  velocity  and  the  distance  between 
the  top  and  bottom  cover  plates  of  the  amplifier.  The  particles  used 
were  50  micron  aluminum  oxide  particles  and  they  were  supplied  at  a  rate 
of  3.9  gm/nr  of  supply  air.  The  oil  used  was  SAE  30  non-detergent 
motor  oil  and  it  was  supplied  at  a  ljate  of  5.4  gm/in  of  supply  air.  The 
total  contaminant  rate  was  9.3  gm/ic  of  supply  air  and  was  held  constant 
for  the  entire  series  of  tests. 


Each  teat  was  run  for  approximately  three  to  four  hours  with  the 
outputs  open  to  the  atmosphere.  Gain  curves  were  taken  initially  and  at 
approximately  one  hour  intervale  with  blocked  and  loaded  outputs.  The 
model  was  assembled  with  clear  plastic  cover  plates  so  that  photographs 
of  the  contaminant  deposits  could  be  made. 

No  attempt  was  made  to  define  a  failure  criterion  and  the  tests 
were  run  until  considerable  degradation  of  performance  resulted. 

CONTAMINATION  EFFECTS 


The  originlal  model  tested  had  a  right-angle  entry  and  the  supply 
flow  entered  the  upstream  section  of  the  power  nozzle  through  a  round 
tube  perpendicular  to  the  nozzle.  Figure  3  is  a  photograph  of  the 
contaminant  deposits  in  the  inlet  to  the  amplifier.  Figure  4  shows  the 
changes  in  the  amplifier  characteristics  due  to  the  contamination.  The 
effects  of  inlet  blockage  are  apparent  in  the  reduction  of  the  output 
level  of  the  amplifier.  Very  little  contaminant  deposits  were  obtained 
in  the  downstream  section  of  the  amplifier. 

When  the  inlet  v  as  modified  by  machining  a  recess  in  the  cover 
plate  opposite  the  entry  the  time  required  for  significant  inlet  block¬ 
age  was  increased. 

To  study  the  effects  of  contamination  in  the  downstream  portion  of 
the  amplifier  the  model  inlet  was  modified  to  obtain  a  straight-through 
supply  flow.  The  effect  of  this  modification  was  to  significantly 
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reduce  Che  time  required  for  contaminant  buildup  in  the  output  region 
of  the  amplifier. 

The  effects  of  contamination  in  the  entire  amplifier  are  illustrated 
in  the  following  figures.  Figure  5  shows  the  deposits  in  the  nozzle  and 
in  the  downstream  portion  of  the  amplifier.  Figure  6  shows  the  effects 
of  the  contamination  on  the  performance  characteristics  with  blocked 
outputs.  Curve  C  illustrates  the  effects  of  contamination  in  the  output 
region.  (The  data  for  Curve  C  were  obtained  after  removing  the  contami¬ 
nant  deposits  from  the  nozzle  area.)  In  this  case  there  was  a  conside¬ 
rable  null  shift  which  can  be  traced  to  asymetric  deposits  on  the  splitter 
(see  Figure  5).  Similar  tests  show  no  null  shift  when  the  deposits  on 
the  splitter  were  symmetrical. 

Figure  7  shows  the  effect  of  contamination  on  gain  for  the  case 
illustrated  in  Figures  S  and  6.  Curves  2  and  3  for  arbitrary  output 
loading. 


SUMMARY 


The  results  presented  In  this  paper  can  be  suanarized  as: 

A.  Inlet  Blockage. 

Inlet  blockage  la  the  first  effect  that  will  result  when  the  device 
tested  is  subjected  to  a  contaminated  air  supply.  Vith  constant  supply 
pressure  operation,  contamination  will  cause  e  decrease  in  gain  and  a 
decrease  in  maximum  output  level. 

Changes  in  inlet  design  such  as  recessing  the  cover  plate  opposite 
a  right-angle  entry  or  providing  a  straight-through  inlet  will  extend 
the  time  required  for  significant  inlet  blockage. 

B.  Outlet  Blockage. 

Outlet  blockage  can  include  a  buildup  of  deposits  on  the  splitter 
which  effectively  change  the  splitter  geometry.  Two  effects  were  noted; 
enlargement  of  the  splitter  with  a  corresponding  decrease  in  gain  and  an 
say—  trie  deposition  on  to  the  splitter  with  a  corresponding  null  shift. 

It  must  be  emphasised  that  what  has  been  presented  here  is  the  be¬ 
ginning  of  a  project  to  identify  specific  effects  of  contamination. 

These  results  were  obtained  with  a  particular  geometry  and  very  limited 
operating  conditions.  Although  the  results  do  seem  to  have  a  wider 
applicability  than  is  presumed,  much  more  information  will  be  required 
before  a  complete  evaluation  of  the  contamination  effects  in  fluidic 
devices  will  be  possible. 
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FIG.  4  CHANGE  IN  AMPLIFIER  CHARACTERISTICS  DUE  TO 

CONTAMINANT  DEPOSITS  IN  THE  INLET'  RIGHT-ANGLE 
ENTRY 
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Fig.  5.  Contamination  Deposits  in  «_  Model  with 
a  Straight-Through  Inlet. 
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FIG.  7  CHANGE  IN  AMPLIFIER  PRESSURE  GAIN  DUE  TO 
CONTAMINATION 


EFFECT  OF  CONTAMINATION  ON  FLUERIC  SYSTEM  RELIABILITY 


W.  J.  Westerman,  Jr.,  D.Sc. 

McDonnell  Douglas  Astronautics  Company,  Titusville,  Florida 

Summary 

Many  claims  have  been  made,  some  extravagantly,  regarding  fluidic  system  reli¬ 
ability.  For  the  most  part  these  claims  have  been  substantiated  qualitatively  in 
many  applications.  However,  quantitative  methods  have  not  been  available  to  either 
predict  reliability  or  to  deslqn  accelerated  failure  experiments.  This  paper  describes 
work  performed  over  a  three  year  period  with  the  purpose  of  developing  an  accelerated 
testing  method  and  a  method  of  predicting  system  life. 

Experiments  have  been  conducted  to  determine  the  degrading  effects  of  supply  gas 
contamination  on  fluidic  system  performance.  Artificial  contaminants  have  been  intro¬ 
duced  into  clean  air  supplies  and  the  degradation  of  the  attached  fluidic  circuits 
has  been  measured  regularly  until  circuit  failure.  Approximately  *00  circuits  have 
been  tested  in  this  manner. 

Solid  dust  contaminants  that  have  been  used  included  spectra  havinq  150,  44,  15, 
and  5  micron  maximum  size  particles;  silica,  attapulgite  clay  and  aluminum  oxide  have 
been  used  to  determine  the  effects  of  contaminant  hardness.  Solids  combined  with  oil 
and  water  aerosols  have  also  been  used.  The  rate  of  contaminant  introduction  (grams/ 
cubic  meter  air)  has  been  varied  over  five  orders  of  magnitude.  Four  element  geometries, 
four  nozzle  areas,  three  supply  pressures  and  two  materials  (stainless  steel  and 
copper)  have  been  investigated.  The  circuits  consisted  of  single  element  feedback 
oscillators  and  three  element  pulsewidth  modulators.  Performance  parameters  that  were 
monitored  were  noise,  frequency,  amplitude,  and  gain. 

Standard  deviations  of  the  data  from  the  experiments  were  compared  to  similar 
controlled  experiments  where  electronic  circuits  were  overstressed  by  temperature; 
the  standard  deviations  were  found  to  be  essentially  the  same. 
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BACKGROUND 


The  lack  of  reliability  data  on  simple  flueric  components  limits  the  ability  to 
evaluate  or  predict  the  reliability  of  fluidic  systems.  Although  the  reliability  of 
fluidic  devices  is  believed  to  be  hiqh,  very  little  quantitative  data  presently  exists. 
This  paper  describes  the  progress  under  two  programs  titled  "Fluidic  Reliability  Investi¬ 
gations"  -  (Contract  No.  DAAG-39-72-C-0001 )  and  "Classification  of  Military  Fluidic 
Power  Supplies"  (Contract  No.  DAAG-39-73-R-9176)  conducted  by  McDonnell  Douqlas 
Astronautics  Company  under  contract  to  U.  S.  Army,  Harry  Diamond  Laboratories  (Contract 
No.  DAAG-39-72-C-0001) . 

INTRODUCTION 

The  first  step  toward  evaluating  fluidic  system  reliability  is  to  establish 
reliability  of  fluidic  components  just  as  electronic  system  reliability  is  dependent 
on  the  known  reliabilities  of  its  resistors,  transistors  and  capacitors.  The 
reliability  of  a  major  portion  of  the  hardware  (valves,  "0"  rings,  etc.)  in  any 
fluidic  system  Is  presently  known  explicitly  or  can  be  established  by  similarity  from 
their  use  in  pneumatic  and  hydraulic  systems.  However,  the  reliability  of  the  fluidic 
devices  themselves  is  not  known.  Several  mechanisms  exist  which  can  degrade  a  fluidic 
circuit  until  it  no  longer  operates  within  specifications  and  should  be  considered  to 
have  "failed".  The  four  primary  degradation  mechanisms  are  corrosion,  wear,  contamina¬ 
tion  by  build-up  or  cloggino,  and  stress  induced  failures  including  thermal  and 
mechanical  stresses.  Although  complex  interactions  exist  between  these  failure 
mechanisms,  contamination  is  generally  recognized  as  the  most  probable  failure  mode 
of  flueric  components.  Furthermore,  the  effect  of  environmental  extremes,  other  than 
contamination,  is  general  ly  minimal  especially  In  industrial  control.  Therefore,  a 
study  of  contamination  effects  on  fluidic  system  reliability  was  given  first  priority. 

When  considering  a  fluidic  component  separate  from  the  system,  reliability  data 
are  only  useful  if  they  express  a  probability  that  the  device  will  perform  to  a 
specific  tolerance  for  a  specified  period  under  stated  conditions.  Therefore, 
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continuous  data  are  required  of  performance  degradation  as  a  function  of  contamination 
and  operating  time  so  that  the  results  will  be  sufficiently  general  to  be  applicable 
to  future  systems. 

SCOPE  OF  THE  PROGRAM 

This  program  had  two  major  goals:  (1)  to  establish  confidence  in  a  method  of 
accelerated  testing  of  fluidic  systems  to  determine  degradation  and  (2)  to  ptovide 
a  means  of  predicting  the  reliability  of  future  fluidic  systems.  With  such  broad  goals, 
the  challenge  of  designing  the  program  was  one  of  scaling  the  problem  down  to  manage¬ 
able  size  from  which  useful  and  accurate  data  would  result  without  restricting  the 
variables  to  the  extent  that  generality  would  be  lost.  A  partial  listing  of  the 
variables  affecting  the  reliability  of  fluidic  systems  is  shown  in  Fig.  1;  the  ranges 
of  those  variables  which  have  been  addressed  in  this  program  are  shown  in  the  clear 
field  of  the  figure.  The  amount  of  data  that  could  be  taken  to  record  the  performance 
of  the  selected  circuits  could,  likewise,  be  unmanageable.  Fiq.  2  shows,  in  the  clear 
field,  those  data  items  which  were  monitored.  The  selected  data  items  were  considered 
to  be  indicative  of  degradation  due  to  contamination  based  upon  the  following  reason¬ 
ing: 

°  Signal  Amplitude  -  signal  amplitude  is  indicative  of  partial  clogging 
or  erosion  of  the  supply  nozzle,  the  output  channels  or  an  incomplete 
switching. 

°  Frequency  or  Period  -  a  change  in  the  frequency  of  the  basic  oscillator 
would  indicate  a  change  in  the  switching  pressure/flow  point,  a  partial 
clogging  of  the  control  ports  and  feedback  paths  or  contamination  in  the 
interaction  area  of  the  element  (as  well  as  vents). 

0  Noise  -  the  noise  on  the  output  siqnal  is  indicative  of  build-up  of  contam¬ 
inant  in  the  interaction  area  and/or  the  element  vents,  erosion  of  passaqes, 
etc. 
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FIGURE  1  VARIABLES  AFFECTING  RELIABILITY 
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FIGURE  2  PERFORMANCE  CHARACTERISTICS 


365 


These  data  were  taken  quickly  and  accurately  with  one  pressure  transducer.  The 
transducer  output  was  fed  to  a  counter  to  determine  period;  It  was  fed  to  an  ac 
voltmeter  to  obtain  signal  amplitude;  and  It  was  fed  through  a  high  pass  filter  to  a 
second  ac  voltmeter  to  obtain  noise.  In  this  manner  the  data  requirements  are  reason¬ 
able;  data  can  be  gathered  remotely  without  disturbing  the  devices  or  interrupting  the 
tests;  and  the  method  lends  Itself  to  automatic  data  logging  and  computer  handling 
which  could  become  particularly  Important  for  future  efforts  where  considerably  more 
circuits  would  be  tested. 

DESIGN  OF  EXPERIMENTAL  HARDWARE 

The  fluerlc  elements  that  were  used  In  this  program  were  selected  as  being 
representative  of  the  most  common  types  in  general  use.  The  proportional  elements 
were  of  the  stream  deflection  type  with  a  center  vent.  The  bistable  elements  were  of 
the  wall  attachment  type  having  a  cusp  on  the  splitter.  The  circuits  are  shown  In 
Fig.  3.  Based  upon  an  analysis  of  the  effect  of  sample  size  on  both  experimental 
accuracy  and  cost,  a  decision  was  made  to  use  eight  Identical  circuits  in  each  separate 
experiment.  The  eight  circuits  were  arranged  around  an  octagon  as  shown  In  Fig.  4. 
Several  different  experiments  were  run  simultaneously  during  the  course  of  the  program 
as  shown  In  Fig.  5.  Contaminant  was  introduced  into  clean,  dry  supply  air  through  a 
dispenser  containing  graded  dust.  The  contaminated  air  then  traveled  an  essentially 
vertical  path  downward  to  a  constant  velocity  flow  divider  and  then  to  each  circuit. 
Close  attention  was  given  to  the  contaminant  dispensers  to  assure  regular,  uniform 
introduction  of  the  dust  Into  the  air  stream.  All  exhaust  gasses  from  the  circuits 
were  collected  and  run  through  a  water  trap.  An  arrangement  was  provided  so  that  one 
transducer  can  be  connected  to  the  octaqon  by  means  of  a  quick  disconnect  and  could 
then  be  selectively  valved  to  each  test  point  on  the  octagon.  Each  circuit  was  built 
up  of  etched  laminates  with  the  active  element  on  the  outside.  Visibility  was  provided 
by  use  of  a  glass  cover  plate  held  against  the  element  by  bolts  passing  through  a 
plastic  pressure  plate. 
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EXPERIMENTAL  DATA 


At  this  time  408  circuits  have  been  tested  In  51  separate  experiments.  The 
range  of  variables  and  the  corresponding  number  of  circuits  tested  Is  shown  In  Fig.  6. 

The  experiments  were  run  at  various  levels  of  contamination.  The  level  of 

contamination,  or  the  "dirtiness"  of  the  supply  air,  was  expressed  In  gravimetric 

terms  as  grams  of  contaminant  per  cubic  meter  of  air.  This  rate  of  contaminant  Intro- 

.0 

ductlon  was  varied  over  four  orders  of  magnitude  from  a  high  of  35  gr  m  .  Data  was 
taken  on  each  circuit  of  an  experiment  at  Intervals  that  were  Increased  geometrically 
throughout  the  life  of  the  test;  a  test  was  concluded  when  the  circuits  ceased 
oscillating.  All  of  the  experiments  started  with  the  circuits  running  at  a  base 
frequency  of  100  Hz  +  5  Hz.  The  values  for  output  signal  amplitude  and  noise  amplitude 
were  found  to  be  essentially  the  same  for  Identical  circuits  and  no  formal  tolerance 
was  placed  on  their  Initial  values. 

Certain  of  the  experiments  exhibited  abnormally  large  standard  deviations.  Typ¬ 
ical  values  for  the  standard  deviation  of  a  group  of  eight  circuits,  expressed  as,  a 
percentage  of  mean  life,  was  found  to  be  approximately  45X;  the  lowest  value  was  17%. 
Several  possibilities  were  postulated  as  being  responsible  for  the  large  data  spread. 

(a)  The  experiments  were  simply  of  a  poor  design  and  the  data  were  worthless. 

(b)  Several  failure  modes  were  Intermixed  each  having  relatively  equal 
probability  of  occurrence. 

(c)  The  spread  Is  typical  of  reliability  type  data. 

The  experimental  set  up  was  carefully  monitored  especially  with  regard  to 
contaminant  dispensing.  Monitors  were  placed  in  every  location  where  a  disturbance 
or  variation  could  reasonably  be  expected.  These  efforts  yielded  no  explanation  for 
the  data  spread.  Histograms  were  plotted  and  examined  for  evidence  of  multi -failure 
modes.  This  approach  did  not  prove  or  disprove  the  multi-failure  mode  explanation. 
However,  It  Is  obvious  that  clogging  and  erosion  are  two  possible  modes  of  failure, 
each  of  which  can  occur  at  several  critical  locations  In  the  circuit. 
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It  was  determined  that  another  laboratory  within  the  same  corporate  structure  had 
been  performing  accelerated  reliability  investigations  on  integrated  electronic  cir¬ 
cuits  by  subjecting  the  circuits,  while  operating,  to  artificially  high  temperatures. 

A  well  accepted  theory  attributed  failure  of  solid  state  devices  to  a  migration  of  N 
and  P  type  impurities  across  the  junction  until  a  sufficient  homoge.iization  occurred 
to  obliterate  the  junction.  Elevated  temperatures  accelerated  this  migration  at 
theoretically  predictable  rates.  Raw  data  from  these  experiments  were  obtained,  and 
when  analyzed  on  the  basis  of  a  sample  size  of  eight,  it  was  found  that  the  standard 
deviations,  in  every  case,  were  exactly  comparable  to  those  experienced  in  this  program. 
Further  consultations  and  additional  data  confirmed  the  fact  that  the  data  spread  was 
quite  reasonable. 

RESULTS  OF  THE  EXPERIMENTS 

Evidence  of  both  clogging  and  erosion  were  observed  ‘fter  the  circuits  were 
carefully  disassembled  and  examined.  A  method  was  developed  to  clean  the  tested 
circuits  by  alternately  flushing  with  solvent  and  air  without  disassembly.  The 
circuits  could  then  be  supplied  with  clean  air.  If  the  circuit  then  operated,  although 
at  some  degraded  level,  clogging  was  assumed  to  be  the  predominant  failure  mode;  if 
the  circuit  did  not  oscillate  after  cleanin<  ,  erosion  was  assumed  to  be  the  failure 
mode.  In  general,  it  was  found  that  erosion  was  the  primary  failure  mode  especially 
at  lower  levels  of  contaminant  introduction.  Fig.  7  illustrates  some  typical  elements 
before  and  after  testing.  The  effects  of  the  erosion  is  quite  apparent  and  was 
essentially  the  same  in  all  cases  examined. 

As  the  early  experiments  were  concluded,  t’ e  data  were  plotted  and  an  attempt 
at  correlation  was  made.  As  the  program  progressed,  che  data  became  unmanageable  due 
to  the  sheer  volume.  All  data  were  therefore  computerized  and  plots  were  generated  of 
the  data,  normalized  to  initial  values,  thereby  providing  graphs  of  degradation  versus 


life.  Fig.  8  Illustrates  the  form  and  general  appearance  of  the  data  after  normaliza¬ 
tion.  These  figures  are  generally  typical  of  the  data  recorded  throughout  the  program, 
especially  at  the  lower  contaminant  levels.  The  data  were  also  analyzed  on  the  basis 
of  average  octagon  life  (100*  degradation)  and  plotted  on  log-log  paper  against 
contamination  rate.  These  plots  yielded  some  rather  striking  results.  Fig.  9  Is  a 
plot  of  all  oscillators  having  .254  mm  nozzles  as  an  example.  The  straight  line  with 
a  slope  of  approximately  minus  one  was  observed  for  every  situation  which  was  analyzed. 
The  computer  was  used  to  perform  a  least  squares  fit  of  a  straight  line  through  the 
log-log  data.  Twenty  eight  groupings  of  the  data  were  made  based  upon  contaminant 

size,  nozzle  width,  circuit  type,  supply  pressure,  etc.  Two  of  those  groupings,  one 
-2  -2 

showing  83  KNM  oscillators  versus  34.5  KNM  oscillators  and  the  other  showing 
stainless  circuits  versus  copper  circuits,  are  given  as  Fig.  10  and  11.  These  experi¬ 
ments,  which  were  compared  In  order  to  draw  contrasts,  Include  other  variables  In 
addition  to  the  two  In  question;  for  example,  the  copper  versus  stainless  Includes  a 
mixture  of  contaminant  sizes.  This  Is,  of  course,  undesirable  but  was  necessary  be¬ 
cause  of  the  limited  number  of  experiments.  However,  certain  conclusions  have  been 
drawn  pending  further  verification. 

Over  a  wide  range  of  contaminant  rate,  the  mean  time  between  failures  of  a  fluidic 
circuit  can  be  expressed  as: 

L  =  C1  (r)  "  2  (1) 

Where:  L  *  mean  life  of  a  set  of  circuits  (minutes) 

r  =  contaminant  rate  (grams  per  cubic  meter  of  fluid) 

C1  =  experimentally  determined  constant 

C2  =  constant  (approximately  1.0) 

The  values  of  the  constant  C2  for  a  range  of  experiments  are  given  In  Table  I. 

The  values  are  very  close  to  unity,  especially  when  considering  the  accuracy  of  the 
e  periments.  Thus,  a  fluidic  circuit  will  fall  when  It  has  Ingested  a  specific  weight 
of  contaminant,  regardless  of  how  long  It  might  take. 
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FIGURE  10  SUPPLY  PRESSURE  EFFECTS 
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The  values  of  that  have  been  observed  In  the  twenty  eight  cases  analyzed 
ranged  from  25.1  to  1585.  Several  conclusions  regarding  the  effect  of  the  experimental 
variables  on  are: 

0  Is  proportional  to  element  throat  area 

0  is  proportional  to  supply  pressure 

°  C.|  for  proportional  amplifiers  is  70%  of  that  for  bistable  element 

0  C.j  is  proportional  to  element  material  hardness 

The  effect  of  contaminant  size  is  somewhat  unusual.  In  general,  life  increased 

as  the  contaminant  became  smaller  until  the  15u  level  was  reached;  5p  contaminant,  how¬ 

ever,  resulted  in  failure  times  equivalent  to  that  of  44u.  It  should  be  recognized 

_3 

that  the  measure  of  rate  is  "gram  meter  "  and  not  "number  of  particles". 

One  set  of  eight  circuits  was  run  using  oil  and  dry  contaminants.  The  oil  and 
dry  contaminant  were  mixed  on  an  equal  gravimetric  basis.  This  experiment  exhibited 
a  life  only  3%  of  the  corresponding  dry  contaminant  experiment. 

CONTAMINATION  IN  TYPICAL  FLUIDIC  POWER  SUPPLIES 

With  the  results  of  the  contamination  experiments  indicating  that  accelerated 
testing  was  valid,  an  attempt  was  made  to  correlate  the  experiments  to  field 
conditions  thereby  predicting  failure.  Several  attempts  were  made  to  obtain 
information  on  expected  contamination  levels  in  various  types  of  pneumatic 
power  supplies.  One  of  these  attempts  involved  a  mail  survey,  as  part  of  a 
Society  of  Automotive  Engineers  project,  of  over  one  hundred  military  and 
industrial  contacts  asking  for  any  Information  available  on  contamination  in 
pneumatic  supplies.  The  net  result  of  all  of  these  efforts  was  absolutely  nothing. 
However,  a  certain  amount  of  data  had  been  collected  on  hydraulic  systems  and 
several  efforts  had  been  made  to  organize  these  data.  Table  II  gives  a  partial 
listing  of  references  to  these  efforts. 
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TABLE  II 


REFERENCE  DOCUMENTS  FOR  HYDRAULIC  SYSTEMS  CONTAMINATION  LEVELS 

1.  Aerospace  Recownended  Practice  ARP  598 

"Procedure  for  the  determination  of  particulate  contamination  of  hydraulic 
fluids  by  the  Particle  Count  Method"  dated  3-1-60. 

2.  Aerospace  Recommended  Practice  ARP  785 

"Procedure  for  the  determination  of  particulate  contamination  In  hydraulic 
fluids  by  the  control  filter  gravimetric  procedure"  dated  2-1-63. 

3.  Aerospace  Industries  Association  ATC  Report  No.  ARTC-28 
"Specification  for  contamination  control  of  hydraulic  fluid"  dated  1-15-61. 

4.  Proposed  AIR  1101 

Proposed  Aerospace  Information  Report  -  A  comparison  of  Particulate 
Contamination  Limit  Tables  dated  10-10-68. 

5.  National  Aerospace  Standard  NAS  1638 

Cleanliness  Requirements  of  Parts  Used  in  Hydraulic  Systems. 


An  effort  was  Initiated  (referenced  earlier  as  "Classification  of  Fluidic 
Power  Supplies")  in  order  to  obtain  the  required  information  on  typical  field 
supplies  and  to  present  that  information  in  a  useful  manner. 

Previous  work  on  hydraulic  systems  had  utilized  two  approaches  to  measuring 
contamination.  One  was  a  gravimetric  method  in  which  contamination  was  expressed 
in  grams  of  contaminant  per  liter  of  hydraulic  fluid  (or  similar  units)  and  the 
other  method  involved  the  counting  of  particles  in  specific  size  ranges  so  as  to 
identify  the  size  spectra  as  well  as  the  amounts  associated  with  the  contaminants. 

Both  methods  were  used  in  this  program.  The  results  from  ive  representative 
power  supplies  are  shown  in  Figure  12.  It  is  interesting  to  note  that  only  one 
sample  contained  any  significant  amount  of  oil  and  that  the  amounts  of  water 
encountered  were  also  low. 

Some  aarlier  work  on  hydraulic  contamination  indicated  that  the  typical  spectra 

2 

of  solid  contaminants  would  result  in  a  straight  line  when  plotted  on  Log-Log 
paper.  Figure  13  and  Figure  14  illustrate  the  results  for  pneumatic  systems 
(for  compressor  type  supplies  and  stored  gas  supplies  respectively)  when  handled 
in  the  same  manner.  The  deviations  of  the  curves  from  a  straight  line  and  the 
direction  of  the  curvature  is  indicative  of  an  impending  mechanical  failure 
(excessive  large  particles)  or  of  an  advanced  state  of  wear  (excessive  small 
particles) . 

A  system  of  classification  has  been  developed  as  a  result  of  this  program 
and  is  presented  as  Table  III.  There  are  eleven  classes  based  on  the  gravimetric 
approach  each  differing  one  order  of  magnitude  from  the  previous  class.  Some 
representative  supplies  in  each  class  are  also  cit:d  in  the  table. 
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TABLE  III 


CLASSES 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 


CLASSIFICATION  OF  POWER  SUPPLIES 


GRAVIMETRIC  CONT. 
RATE 

3 

grams/sft 


10‘10  &  Less 


10‘8  REPRESENTATIVE  OF  ULTRACLEAN  FLUIDS 


10‘7  TYPICAL  OF  CLOSELY  CONTROLLED  FILTERED 

&  DRIED  COMPRESSED  AIR 


10‘6  TYPICAL  OF  LABORATORY  POWER  SUPPLIES 


10"5  INDUSTRIAL;  VEHICLE  MOUNTED  COMPRESSOR 

(FILTERED)  -  ENGINE  ROOM  POWER  SUPPLY, 
TURBINE  ENGINE  BLEED  GAS 


10‘4  STORED  GAS  SYSTEMS  -  METAL  RUPTURE  DISKS 

MEDIUM  TO  LARGE  GAS  VOLUMES 


10"3  STORED  GAS  SYSTEMS  -  METAL  RUPTURE  DISKS 

SMALL  GAS  VOLUMES 


10'2  MONOPROPELLANT  GAS  GENERATORS 


10’1  FILTERED  SOLID  PART  OF  SOLID  PROPELLANT 

MOTORS 


10  SOLID  PROPELLANT  MOTORS 

>10  OPEN  DUST  STORM  (MIL  STD  810B  SAND  AND 

DUST) 


The  results  cf  the  contamination  samples  and  the  laboratory  experiments  have 
been  combined  and  are  presented  as  Fig.  15.  The  result  of  the  experiments  has  been 
extrapolated  and  is  shown  as  a  dashed  line.  The  power  supplies  that  were  sampled 
have  been  represented  by  bars  shown  at  the  proper  contamination  rate  and  centered 
over  the  extrapolated  line;  the  length  of  the  bars  represents  the  average  standard 
deviation  of  the  laboratory  experiments.  Filtration  would  move  the  bars  considerably 
to  the  right. 

It  is  interesting  to  note  that  the  typical  power  supplies  which  were  sampled 
covered  the  same  range  as  the  reliability  experiments,  about  four  orders  of  magnitude. 

RECOMMENDATIONS  FOR  FUTURE  WORK 

Many  future  applications  of  fluidics  are  dependent  upon  realistic  reliability 
data  which  is  needed  to  support  the  rather  extravagant  claims  made  earlier.  This 
paper  has  described  a  method  to  test  future  systems  on  an  overstressed  basis  to 
obtain  accelerated  reliability  data.  However,  a  theoretical  basis  is  needed  to 
explain  the  empirical  data  and  conclusions  presented  here.  A  theoretical  foundation 
is  necessary  to  give  confidence  to  a  method  of  extrapolation  since  the  alternative, 
tests  lasting  several  decades,  is  clearly  impractical.  The  parallel  to  solid  state 
electronics  and  the  testing  of  L.S.I.  circuits  described  earlier  is  evident.  At  the 
same  time,  further  experimentation  along  the  lines  suggested  in  this  paper  is  needed 
to  provide  sufficient  data  for  the  separation  of  variables  in  the  term  of  equation  1. 

REFERENCES 

1)  "Fluidic  Reliability  Program  -  Final  Report", 

McDonnell  Douglas  Report  No.  L0242, 

McDonnell  Douglas  Company,  Titusville,  Florida,  21  December  1972. 

2)  "Classification  of  Military  Fluidic  Power  Supplies", 

McDonnell  Douglas  Report  No.  L0244, 

McDonnell  Douglas  Company,  Titusville,  Florida,  21  December  1973. 


390 


